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This. repo~t presents the results of a one-year study 
of creep and shrinkage behavior of pre-tensioned concrete speci-
. --mens. This study was a part of a research project aimed at the 
1 " 
development of a rational basis for pred_icting pre,tress losses 
. in pre-tensioned concrete flexural members. 
• 
· Rectangular specimens were fabricated at two prestressed 
' . 
·concrete plants in Pennsylvania, using six differe~t stress · levels 
~-. 
and five different stress gradients. Strain measurements from these 
· --specimens indicate · that creep strain is proportional to the · stress-
. 
·. strength ratio, while the shrinkage strain is strongly affected by 
-the percentage o~ steel in a member. For the duration of this study, 
it was found that the sb.rinkage ·strain e·ssentially varies ·with the 
logarithm of time and the creep strain varies with.. the .. square of 
-·~ ·• ... 
; . .·: 
. the logarithm of time. The effect of the stress gr·adien:t on th·e 
concrete strain was· found to Ile insignificant for: t.he duratio:r1 qf 
this study·. 
• 
1_: . .:..;.,1 
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,· .. ,, 
' .. . . . 
• 
'. ; . . . .. . ,- .. 
. . . ..... _ 
', 
. : ·. ·' 
. ' .. ..·1 • . · INTRODUCTION ;: 
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. . 
• ':.I' 
' . 
' . 
.. ,, ·. '''II 
' , . ~... . 
,·. ',.. ' ' 
.•. .... .. ' 
. ' .. 
'.- .f I 
.•. 
• ' 1 :~ • •• 1 
~· 1.1. Background 
,.- \.' .. 
. . 
. . '' . 
... 
Faced with the· rising cost of labo·r, ·engineers :have 
. · .developed many alternative construction methods and materials· 
-... J for use in the rapidly expanding highway systems. 
..... ·~ •4. 4-- One· of these 
• 
alternative materials, used in bridge construction, is prestressed 
concrete. In the United Stat.es it was first used in 1951, arid 
-""Since then its use has spread widely. During.· the y~ars 195 °f· .. · -to 
. 
1960, 2052 pr~stressed concrete bridges werei~uthorized for con-
----s""truc·tiori by the ·-Bureau _of ··Public Roads. 
For· a pres tressed concrete structure; as· it1 .any other 
····-------
-,·-structure, it is important that the design be econom.ical as well 
as safe. One phase of this design is the predict::i.on of th.e losses 
of the prestressing force. These losses are attributed to ela.s-tic 
sho.rtening, creep, and shrinkage of concrete and the relaxatio·n ·of 
-the prestressing elen,tent. 
In pre-tensioned membe::rs the strands· are·: f'··ni,t'i.ally· 
. 
-·--. tensioned to the req-uired -stress, and then the concrete ·is· p.laced 
·. 
-· .. - a.round the strands and al·lowed to cure. When the concr:ete has 
I 
reached its design strength, the strands are released from their 
... 
anchors and the force is transferred to the concrete. Immediately 
I 
upon this transfer of force, the ·concrete sn-ortens ·elastically and 
---allows the strand ·to- -shorten and hence reduces the prestressing 
force~ thi~ js referred to as elastic shortening • 
• 
.. I 
-2-':9 
•• 
•. 
. . 
. 
: "··. ··- .. ,.., '' 
' . 
I' 
• I 
1.· . 
., 
. . . 
. . 
. ' 
.. ' 
-·-
. 
. . 
•.' L :. " "_,•['•.; •"' i • r :·,, ,'' .:, • 
•. - ._.,._, __ ., ..... ~--·, ......... -•• J-...__,,~, ............. -.---- ...... ' - . ' 
.. .,, __ -'"·+-··-·--···-···-· .. J ··- ' 
.• 
. I 
.. 
.• 
• .. 
I •• :(: ', 
Creep is the time-dependent deformation of concrete 
. . . . . . 
.. . 
... 
. ·-··--• 
·· due to sustained. compressive stresses in. the fibers .. Shr~nkage 
.. . . . .. 
. 
' 
' .. ., 
.is the shortening of the concrete· due to losses of ·liquids, . whether . 
. t 
· .drying or in chemical reactions.· Both 6f these result in loss of .. ~-
., 
.. I.;-
.. 
·~-- .. ,. ' 
, the. pres tressing force. 
Relax.a ti on · is t·heoretically defined as the· decrease of· 
. 
stress in the prestressing element whet: it is 1·estrained to a 
constant length. However, in prestressed concrete, the -~ength of 
the pre~tressing element does not remain constant, but gradually 
shortens because of the shrinkage and creep effects. In the follow-
ing, rel·axation will be defined as the losses due to the physical 
properties of the prestressing ~lement, subjected to varying strain 
conditions. 
-At the present time, for the design of p.re_-teilsioned 
members for Pennsylvania Department of. Highways, two methods of 
. ·• 
predicting· the losses ·of the pres tressing forces are in use. The 
first is to assume a percentage of -22.·s of .the initial pre-tensioning 
-
. force f o.r a standard I-beam section and 20. 00;6 for a standard box 
I 
l'.· . • 
section.· The second method~ recommended by· the U •. S. Bureau of 
• 
Public Roads, is more. detailed. 27 
1'fs =. 6000 + 16 fcs + O'.Oll fsi 
where ll.f s is the change of the pre-tensioning stress.,. fcs · is the 
I • I • 
initial stress in the prestressing element, all in psi. Of. the 
~ 
three terms in the right hand side of ·the expression, the first 
. •· ~ .. 
.. 
•·. . .. · 
.. . 
.,. -3~ 
. \i,. . . 
. ·.-
J' • •• 
~( .. •' 
.. 
• • • 
';/·. /-/ . 
,;_ 
.. 
• 
--~-
1. ,··'1'· 
l ,.1,11· 
... 
' 
' \ 
. ' 
',. . 
i 
I 
i 
~-
' 
-· ~ 
" , 
1 
:! 
. 
,l 
I 
J 
l 
1 
I 
l 
1 
•, 
l 
. ·' 
l 
• 
'· ' ·. ,... . . 
·, 
. . '·,:· '. . .. 
. ·. 
' . ' • ~ ' .. _. - . • • i' . 
' '/""'~ \ 
• . 
-
•• f .' 
' \ . . ",,. .. 
. . ,, 
.. 
. 
. ' •. ' 
. ' 
. • r 
;. 
_,one,· 600P psi, represents·. the loss due to .. ~hrin~age. The second , ... 
. ' . . .. 
. term can be subdivided into 5 fcs. for elastic shortening and 11 fcs· 
c,,.o 
·• 
-· 
. . . 
'· 
for ·the: creep of concre-t:;e.· · The remaining ·term represents tbe loss· 
..,,. ' .. 
' . . ; "i":'l' 
.. ·. . 
due to ·relaxation.: 
Many factors contribute ·to the magnitu~e of these losses.· 
.. 
'. 
' 
·." · .. · These include the . quality of the aggregates, water-cement ratio, 
. . . 
• 
.. .:· 
. 
strength ofcon~rete, shape of· the beam, magnitude and distribution 
·· of applied stresses and the _properties of the prestressing strand. 
The previous methods do not spec·ifically take into account any of 
.,·j . I 
these. factors, but rather are based on average conditions . 
. In order to develop a more ~ational means of predicting 
. prestress losses, a research prog:r.am · is presently being conducted 
-
. 
•... I 
.... ':, in Fritz Erig.ineering Laboratory at Lehigh University under the sponsor-· 
....... 
' 
...... ' .. 
. .. 
. 
ship of Pennsylvania Depa.rtment of Highways and: ·the U. S. Bureau of 
' ' ' 
Public Roads. 
1.2 Objectives and Scope 
. ... 
The main purpose of this research· is to: develop a method 
. 
. -
to predibt the losses of ~h~ pr~st~ess force in pre-tensioned pre-
stressed bridge members fabricated for use in Pennsylvania. In a 
. . 
' ' . preliminary phase of the project, cpncrete specimens were taken from · · 
all produce,rs o~ prest_res~ed c~~crete highway bridge members in 
. 
-Pennsylvania,· for a comparison of their loss characteristics. From 
the results of this study, two companies whose prodµcts showed the 
• ·t ,..:.'· ' 
largest and least lo~s· characteristics were selected to fabricate -
. . 
the main specimen~~ The ·extremes were chosen in·· order to est~blish 
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·an· URper.· and 1 . lower bound for~·1the ·.··pre~tress. losses. · 
I • ' . 
The main study was conducted with rectangular specimens 
. . 
. fabricated at two manufacturers.· At ·each of these manufacturers, 
., 
specimens were cast utilizing the plant~s materjals,and meth6ds. 
Other variables· includ·ed ... in the test specimens were: 
· 1. Magnitude of stress 
,...... .. -,' 2. Distribution of stress 
. 
This research intends to s.eparate the lo·sses into indi-
' . ' 
·vidual components and to develop a means 9f projecting these com-
ponents for the us.able life of bridge members. 
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2.1 · .General Research 
Creep and shrinkage cha·racteri.stic·~- of· concrete have 
been $tudied quite widely. Several of ·these studies, which ·are I -
. . . 
' . 
. ~. '' . 
·pertinent to this particu~ar research, are reviewed in this chapter_. 
A more complete review of related research.is contained. in Fritz 
~- Engineering Laboratory Report Number 339 .1 "Comparative Study .of 
' ' ' j . 
Several Concretes Regarding Their Potentials for Contributing to 
. Prestress Losses". ... 
T. C. Hansen and A.H. Mattock ·of the Portland Cern:en·t-. 
Associat'ion Research ai:id Developme~t Laboratory studied the re.;.. 
latj.onships between the size and . shape of members and thei-r effect 
on the creep and shrinkage characteristics , of concrete.. One series 
. . 'I . 
,; _.,' 
.. 
of their . specim_ens was cylindrical in shape with the radius varying 
between Lt- to 21J · inches and ··the length varying between 18 to .58 inches. 
A second series of sj;,ecimens was I-shaped, having= a· a·epth varying_·be-
tween -11.5 to 11-6 inches,. and a length varying: f.rom 63 to 132 inches. 
. . -
They. presented their initial r·esul ts in 19.66 •11 They found that the 
.. 
volume-_to-surface ratio, as a measure of the relat,ive_ thickness, 
greatly influenced the creep and s~rinkage of their spe~imens. How-
. 
ever,· this influence on creep was found to be significant· only during 
approximately the first three months. Aft~·r this initial period the 
rate of creep was th.e ~ame for ~pe __ c-imen_s of· a_ll sizes. 
• •6: 
' • ,-:,,,fl! '· • •. · 
Perry H. Petersen ancl Dav.id Wat-stein of the Building, 
. 
,· .. 
.  •. 
-·-6:--
. . 
. .. . 
.. : . 
. .. 
.-"! .•. 
.. :, .. 
.. 
~.; :,i; ••,1''1''" - ............ ,, ,,,o,'l'""l'•"""i" ··, !-"' ,,r ,.,,._.,,..,~.--,.· ,,._.__ ..... . ... -.. ,., "--··· ~-,~····, .... , -·-·-= --·-·~--· ........... ---- .. -.--
' ,,.;' 
' 
, 
' ,·-1. 
.. 
. . . 
I . 
. . 
. ' . 
. . 
, '. I 
., 
. .t 
... . 
.. 
,· 
'· 
,fl• 
. " 
,; 
.. 
. . ' 
. z--, 
. · '. 
. 
.- !' ".;·- ~·- .-·.- .. ~ 
. ~ ' ' 
. ), 
• 
. ·;Research Division Ins ti tu.te · for Applied·. Technology·· of the National 
• 
. _: · ·· . · ··B·ureau of Standards conqucted. a study_ which utilized pre-tensioned 
-
j -
I . 
• 
- . 'II, 
•·-f:.,. 
.prestressed concr~te specimens·.20 
• 
Three specimen i ·shapes were . used 
· .-:· in this. study: · octagonal, hexagonal, and square. Along with each 
. . -set of stressed specimens, unstressed specimens .were also cast. 
The stressing elements used were wir~s 0.1125 inches in diameter, 
• .. I ! 
. . 
tensioned.to an initial prestress of l?S,000 psi. The results from 
this study, reported in 1968, confinned those of Mr. Hansen and 
Mr. Mattock. Specimens with a small mass ratio, the r.atio of the 
net cross-sectional area of concrete to the surface area of·the 
.. ;. . 
. ~--~-- -.. ··----specimen per -unit length, exhibited -more rapi.d shrinkage at an 
.. 
\ 
earlier age than the large~ specimens. However, after. approximately 
- 500 .days, the total shrinkage strain of the specimens appeared to be. 
. ....... 
independent of the mass ratio. 
A·second-conclusion of this study was-that the loss of· 
. ,·1 l,11 ' I 
prestress appeared to vary linearly with the ratio of initial con~r·ete: 
stress to the initial strength. 
-------- - . 
' - ~-----·-- . 
. In 1965 J. R. Keeton· presented bis findings from an ex-
• 
. 
. ~ 
_.. 
.~ensive. s.tudy of the infl_uen.ce of _the size of specimen ·and the rela-
tive humidity .15 _ .. His conclusions with respect to the size· of ·speci-
mens generally agreed with the previously ment:toned studies. 
Mr. Keeton also·concluded that the relative humidity of the storage 
. . 
environment had. an inverse influence oq the volumet·ric change-s of 
--·--the-specimens. 
-· 
A $econd part _of ·the study· cond.uct.ed ,by J. R. Keet.on .deal:t , 
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with the influence of magnitude ·of: the applied stress on creep. ··rt·· 
, . . ...,--rJ, 
' . . .. 
was concluded from his study that, practic·atly s12eaking, creep strain 
is directly p~op9rtional to ·the applied stress. These results con-
· · · · la 
· fi'I'Illed. fr-results. :found earlier by I. Lyse. · 
Most of the c.reep studies · h_ad been cond-ucted under constant 
.. stress. Under service conditions the stress in concrete is continu-
ously varying. It is subjected to short duration live-loads, and a 
• .. 
constant·ly _decreasing prestressing force. For this reason the creep 
,, 
of concrete under varying stress ·condition~ is of special interest. 
In ·1958 Professor A. D. Ross conducted tests to study these con-
ditions. 26 Fr.o.m_. t.his _study, he devel.op:ea _seve.ral methods of predic:t-
ing the creep under v·ar-ying stress from ·creep data under constant 
stress. r 
... 
One:- ·0£. these methods,. e.nt:itie·d the ·"method of· 'su·pe-rpo_·s.itio.t1'' ,, 
' . 
"' 
utilizes labora.tt1~y data from cree·p and · shrinkage tests:. 
assumed tha.t s·peqif ic creep, creep due to a unit stre·s·~ , ... is: the same 
for ·1:ens::idn and ·compression, and that the stress history ·nas no ef-
fect. The creep and elastic strains. are computed algebraically by 
• 
adding t<? the strai~ due. to the initial stress; diff·eren·tial. :strains 
due to the differential loads. 
Another method developed by Ross is named "the rate of· 
creep method"._ This method has been expana·ea by Corley, Sozen, and 
Seiss · and finally by. :H. L. Fur_r .of the Texas Transportation Insti-
tute. 8 ·This method can be best explained by listing the steps which 
Furr suggested •. .; 
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. · .. 1. 1• ··Develop" shrinkage versus .. time and creep per unit 
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of. stress versus time functions from results of 
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·c = g(t) , I 
.--... 
. . 
... 
-
• 
. . ·• ' 
' . ' 
. ' 
. . 
2. Divid·e time to be covered _by the pred·ic,tion into a 
number of periods of fairly short duration - a few 
. • I' -
days~ depending on tqe time-rate of chang~ of the. 
-
functions. 
3. Compute stresses at points of interest in the .. 
cross-section . 
.. , 
ll. Compute the creep .strain .-i·ncrement occurring ov·er.= 
·time iD:crement t 1 to t 2 ,a.t any level in the 
cross-section as the product of -s,tress at. that 
,, 
level and the it1c:remental unit creep over ·that time 
:• 
,• -·f- I 
·<> . 
-
interval. 
• 
..... 
" 
.. 
Read shrinkage s·trains at times t 1 and t 2 fron1 
. shrinkage curve. · Compute .incremental sh~in~age. 
I•• 
strain, e , over that time increment. s 
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. Compute total change in strain at steel· level over -
.. . 
. :.._/' . the increment t 1 to t 2 •.. · 
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7. Compute steel stress loss over the: time interval. 
Af s· 
_.l-2 
8. · Compute s·tress in ste.el at time -~-:2_. (Si.:gi:i :depend·~--. 
on kind of stress) • 
. ~-, 
• 
.. r' 
:9·. COJ!1pute concrete stress change due to the loss of 
pres tress· 1'ver the· time · interval by reversing /lf 
.S 
• 
·and applying it ·at· cgs •· That stress change is du~ 
to the axial ·stress ·component and tlle bending ·com-
ponen_t. 
. Af . = 
cl-2 
6F . 6F· ey 
s + s 
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10. Compute the concrete. s:tresses.at time_t2 , the ·end· 
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~·---of--the ·particular "time interval being treate¢1 and 
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11. _Compute the corresponding concrete strain at ·the 
·· · end of the time interval. - That s-train consists 
.•·,·. 
·. t 
of an elastic rebound component due to the stress 
relaxation over the time interval, and the creep 
• • 
and shrinkage components_. 
• /le - = 
elastic1_2 
·-' 
• 
e2 = (e +eh· k · · + 6 e 1 t· )1 2 creep s r1n --~g-e e as 1c -=- -
,,. 
1?. Use the stresses and· strains found in steps 9 arrd 
12, r~spectively, as initial stresses and strains 
•. 
-... ~----·--f or--a---ci·me~i"ncrement- --r 2- l:o--r-3-ana-· ·repeat steps 5 
' . 
through 12, -making proper changes in subscripts of 
time designations. This process is repeated until 
the total time duration is _c_overed. 
.: 
I • 
At North Carolina State another extensive study ·was.- co~- 1 
ducted by P. Zia on the effects of non-uniform stress distribution 
- on· -~reep and·- camber· characteristics of-prestressed concrete beams. 
In this. investigation creep tests __ were performed on tee, triangular, 
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···-and -square specimens subjected .. to unifonn -and non-uniform st.ress 
. · . 
·~distributions. Mr. Zia concluded that· the specific creeJ.) under a 
.. 
non-uniform stress distribution. may be predicted by multiplying 
the specific creep under uniform stress by a factor determined 
·• . '
.,,specifically for that particular stress· grad~ent. This factor was 
always greater than one •. It w~s also observed that the maxirrn.nn . . ~, , I • 
. . 
specific creep occurred at the most highly· stressed fiber of the . 
. . 
· specimens which had the _largest gradient and· the highest stress. 
-i·. 2 Pilot Studies 
2 • .-2 ~ 1 · --Test Specimens1 
; ·. 
The purpose of the pilot studies was to compare· the rela-
tive magnitu9e of creep and shrinkage characteristi~s· of the concrete 
produced by manufacturers of prestressed concrete bridge members for 
the Commonwealth of Pennsylvania. In the preliminary phase of the 
., 
research, the creep and shrinkage specimens were 8 inches in diame-
--.. ter, cylindrical in shape, 24 inches long with a 1:s inch _,concentric 
• 
,.__ . 
2.2.2 First and Second Phases 
• 
. . 
At each of the.seven plants, eight spe~imens were cast, 
:four from one batch of concrete, and the remainder from a second 
latch. After subjecting the spe~imens to each plant's method of 
t'".': ;p' 
curing, six of them, three from each batch~ were .positioned end 
.. 
-~<?.end. __ ·_ f!i post-tensioning bar was inser·ted through the hole for 
. I • 
~the entire length~- The bar was then tensioned until a stress ·of 
. 
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·.· ·· · · - ·- · -.. ~000 psi was attained in the concrete.- ,.A·t· this ti-me the bar was . 
·1..:..y~~:11~:~ . 
. . 
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• I 
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..: 
.• · .. 
. . . 
. . t· ~- . 
·anchored to the end specimens. 
The remaining two specimens were not subjected to any 
-forces and were used to measure shrinkage··~ · 
Data readings of elastic shortening, creep, and shrink-
age·· were made by the use of a 10 inch Whi tte:more strain indicator. 
at prede·termined intervals. 
In the -first phase-of this study, three series showed 
,,,. 
. . 
rather high and equal creep and shrinkage strains. Therefore, it 
was dec·ided to extend this preliminary study . 
ti . The se9ond phase w,as initiated to see if the results of 
the fir~t phase· were repeatable. For this. part of the study·, the· 
three c_ompanies whose concrete exhibited the high_ loss character-
... 
,istics.were sampled and.the company whose concrete exhibited the 
least loss characteristics was also sampled. 
This phase of the project also -contaiµ_e,d two :rrto·re· ;a"Cl-
,· 
diti·ot1al stud,ies. These were: 
' .. .. 4, 
....... 
.. 
:.• 
.• 
·.··• 
-. 
.. 
.. . -
. . .. 
., 
-
1. If the concrete exhibited a transfer (approxi-
• 
2 • 
. -
-mately 50 hours) strength greater than 5750 · psi 
Cl5% deviation of soo·o ps~), an· additional series· 
of specimens was cast and post-tensioned to 400;6 P 
pf the actual transfer stren_gth • 
Aggrega~es from the three manufacturet's, previous-
' -
ly mentioned, were transported to Schuylkill Produc:ts; 
. 
. 
Incorporated~ ·where the specimens were· fabri~ated • 
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, .· · · · · 'The purpose -of transporting the . aggregates was 
I ... 
. . , 
. . . '
" 
' . 
to determine whether this would have any significant 
.. 
. .effects upon the concrete, since it wa~ originally . 
. 
planned that the aggre.gates for the main speqimens 
were to be transported and. cast at Schuylkill 
Products, Incorporated .. 
· From these two stuQies, it was found that the concrete~ 
from two plants consistently exhibited the greatest and the·least 
loss characteristics • 
. .
· It was also found that the aggregates,· which were trans- . 
. . ported, did not give a true representation of the plant's· concrete • 
. .In '1}osf cases, the .. strength decreased considerably and the loss 
characteristics increased. 
A more detailed discussion ·of the p:r.lc>'t :study was given 
' by Huang and Rokhsar., Fri-tz Engineering J:iab.o:ratory Report Number -
. :_ ·3.3·:9 .·1 ~~-3 
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_ :_·_ 3.1 Purpose 
.The main phase of-this research p~ogram dealt with the 
.. -'.~ontribution of concrete to the prestress loss ~ncluding creep, 
elastic· s·hortening-~ and shrinkage. Many--factors c·ontribute to 
these loss characteristics. These include: 
-· 
~ 1. · Type, quality, and quantity of materials 
.. -2. _ -Quality of concrete 
... ,_,. 
· 3. Shape and size of spe·ci_me.n. 
-- ----·4;-·---Concrete stre-sses 
5. La_teral gradient of -$tresses 
--6. -- Environmental condi t.ions 
· · Factors 1 ana-~·a·re varied in that two companies were 
·~ • ..r-t. . 
- -' - ' ---- --~- -----~--~::--;:~~~-,:;,:;-r,:r-,,~..._, selected. to make the main specimens. Factor 3 was held constant, 
• 
• 
while factors 4 and 5-are the main variables in this study. Factor 
~-· 
6 is not controlled.but recorded .. 
.·.: 
3.2 Test Specimens ... 
3 .·2 .1 Materials 
The quality of the aggregates for the main specimens was 
required to meet all of Pennsylvania Department of Highways speci-
fication for bridge members. Tests on· the-cements and aggregates 
to be used were conducted by Pennsy.lvania · Department of Highways 
. Mate.rials_ Testing Laboratories and·. the results are listed in 
.· · -~---Appendix 1. 
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:.The minimum c_ompressive strength requi .. rements were · 
t 
• 5500 psi at transfer and 6000 psi at an age of 28 days. ·These 
.• 
' 
. 
· requirements are higher than those presently used for highway 
. 
• JII • 
• ' • 
-· • 
bri~ge members, but were selected to reflect the trend towards 
higher concrete strengths. ~rom the pilot study, it was found 
. . 
that both the_ selec~ed produce~s could satisfy these strength re-
quirements without any change from their normal design mix. There·-
f~re, the concrete used in the specJ·mens is actually representative 
, 
of the concrete being· .. used presently f9r };>ridge beruns, in spite of 
the higher required strength. 
-· -~ .-i-~ 2 --· -Trea bnent 
The treatment -of the· :sperc.imens ·at the plants was ~o be 
essentially the same as ·th:e treatment· of their bridge beams. The: 
·-
·· .. ; ·· . 
placement of concrete and the method of curing were to be iden·tica+ 
to their normal procedures. 
3.2.3 Size and Shape 
_ - ·_A~_ previously ~-~at~dJ. i.t has- :be~o· found that the size and 
• 
shape, more specifically the volume-to-surface ratio, has a signifi-
J 
• 
·cant effect on the magnitude of creep and shrinkage strains. An 
' investigation of the volume-to-surface ratio of s·tandard prestress 
:., 
- I • 
concrete ~ridge beams us.~d i.n Pennsylvania s.howed that this ratio 
varied between 5.6 .~Qches and 3.1 inches. w~th a mean of 4.0 inches . 
The cross section of' the specimens was selected as rectangular, 
• 
12 inches x 24 inches, with a volume-to-surface ratio of 4.0 inches, 
. . 
• 
. I 
--with a ··-length ·of 12 -feet O inches·.· This length was :cha.sen so that (•·) 
lo ,r _ 
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pomp.lete transfer of the prestressing· force would occur :outside 
. 
of· the middle third where strain measurements would be made. Ad-
ditional rectangular specimens,·used for shrinkage measurements, 
. 
. 
. 
were to have the ·same cross-section but a l.ength of 3 feet O inches. 
Two full-si,ze specimens were also fabricated so that the · 
results from the rectangular section could be compared ·and correlated 
to actual highway bridge members. These were a 36 inch x 36 inch 
box section with a closed void at· one end, and a through void at the-
other end, and a 42 inch x 24 inch I section. Both specimens were 
·31 feet O inches in length. Thr~e-foot shrinkage specimens were also 
to be fabricated along with the. fu·ll-size members. 
3.2.4 Prestress 
.. 
It was decided to us·e s.-traigh:t· prestressing ::a·,t:rand;E; .. i_Q a].:l 
the specimens. It· was fel·t --that the: ·pres tress loss ·in- memb·ers with 
draped strands can be satisfac-to.rily predicted from informat!on ob-
tained from straight str.anct s·peci.me·ns. Twelv·e different pres tress 
distributions were used covering a range ·of nominal transfer stresses 
:from zero to 3600 psi. Nominal .stress is u:sed. here to ·designate 
concrete stress calculated on the basis of gros~: ·c;?-Qncrete section 
.. 
and pre~tensioning force·· before transfer. The various stress distr-i.:. 
,-
butions are shown in Fig. 1. These di,s.tributions represent 6 levels 
of stress and 4 differe.nt grad:ients. · The pres tressing element was 
, 
' 
chosen to be 7/16 inch 270 k 7-wire uncoated stress~relieved pre-
stressing strand. (The two pr9ducers chosen to make the specimens 
used strands from the same supplier). 
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· For each stress distribution, two ·specimens were fabri~-
. 
-cated from different batc·hes of concrete at each plant. For ex-: 
' . 
.. 
ample, the 1.0 series, which is comprised _of three stress distri-
butions,· contains a total of twelve specimens - six .f.rom each plant •. · 
,,,. . 
.~ 
. 
. . . 
.. 
Two batches of concrete would be used a_t each plant. From each batch· 
would be fabricated three of these specimens. In addition to the 
stressed -specimens, four shrinkage specimen~ were also to be fabri-
cated with each series, - two specimens from each batch. These shrink,-
age specimens would contain the s~e· reinforcement and the same _ 
. , . 
· ·- -·distribution of prestressing strands as the uniformly stressed speci-
men in that s~ries, except that no force would be ihtroduced in these 
strands. Desi'gnation of the specimens is given in Table 1. 
• 
3.2.6 Non-prestressing Reinforcement 
The rectangular specimens are.provided .with Number 3 web 
reinforcement 8:1; 6 inch spacing -and two. Number 3 longitudinal bars 
near the ·top .su·rface.. The reinforcing plan is shown in Fig. 2. 
Tri £~cilitate fabricati~n and storage, steel end plates 
were used- at both ... ends with the stran_d pattern drilled. These end 
plates also sealed. ·off the ends to moisture moveill~nt. The two· 
full-size beams were reinforced according to Pennsylvania Depart-. 
.,, 
ment ~ of Highways ·standards with a few minor ·m.odifications (s_e·e. .. 
Figs. 3,4, and 5). 
'~ . :. 
3.2.7 Instrumentation 
. . . 
All strain readings we.re: .mea:sU·red by :.a :10: i·ncn· :Wl)_ittemore 
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· strain indicator whic~ has a -precision .of 1/10,000 of an inch~ 
• • 
' 
.. 
·Strain measurements would·be made ih the middle third of the long 
· specimens to avoid any end anchorage effect (Fig. 6) ._. · : The target 
points fo_~ ~train measurements consisted of a brass· insert and a 
stainiess steel contact seat. The brass inserts were coated with· 
····-
&· layer of fine sand to improv~ the bond between the insert'and 
• 
the concrete. 
, - • 
• I . ' ·I . ..:.' 
These were then attached to the inside of the forms 
•·t· I 
at _·their predetermined posi t~ons before the plac~ng of ~he concrete. 
Once· the concrete had be.e11 placed and cured, the fonns were removed 
and then the stainles.s stee·1 inserts were screwed into the embedded 
·-·----~-b-rass_targets. A more detailed discussion of this instrumentation 
~ 
can be fo.und in Fritz Engineering Laboratory Report Number 339 .1. 23 
· '"3. 2. 8 · Laboratory Facilities 
• 
The specimens were stored _in the ·r-ri.tz Engineering Labo-
- rato~y to avoid severe environmental effects. Record.ing equipment· 
was used to measure the relative :humidity and temperature i.n the 
storage area. 
'l'he · rectangular specimens ~ere positioned vertically to. 
- ·---~elimtnat~ all effects of _externaf bending and any restraining effect 
. . 
·- ·of supports. These specimens are stored in an area of 300 square 
• 1'• 
feet so they are all subjec.ted to the same conditions. 
The I-beam and box beam were plac_ed in a specially de-
8igned loading frame shown in Fig.· 7. This frame wa$ constructed 
. 80 -tha.t a concentrated. load of approximately 70,000 pounds could·,!s 
· .- ~be. applied at the center lin.e of· the members. It ·was necessary 
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· · "'that ·thi-s load remai·n ··constant, therefore: a lever mechanism, with ... 
. 
. 
. 
·-·a· ratio of 20 to 1 and a gravity load of approximately 3500.. pounds 
' • 
·was used. -Pos~-tensioning bars, instrumented with st-rain guages,. . ·. 
. • . 
.•tot·· .. 
. 
. . 
were used to transfer ~nd also measure the load to the members. To 
account for any deflection ·changes of the beams, which would. result 
in a change .;in the geometry of the system, the loading sy-stem was 
.. , _ .. ;..;,_ .- ,..._..;.;._ ·--
·• 
. 
. ,..;..__ 
' 
designed with take-up adjusbnents. 
• 
' 
., 
3.2.9. Data Recordings 
--The first set of str~i:n .read·ings, which would be: used as 
··- __ the_bas.is for all strain .9_~:tculations, would be taken immediately 
-·--------.prior·· to ·1:he -tr-arisfer of- prestress. - The second set of :readings was 
• 
. . 
taken upon the completion of the trans.fer, and the remain.ing read~ 
• I 
ings ·were taken-, at a prearranged schedule (see Table ·2..) • 
... 
All readings of one particular serie~ of spec.itnei1s, 
.. 
. . 
stressed and unstressed, ~ill be taken at: the: same time 'SO· that 
. . 
direct comparisons can be rr(ade· •. Thest? re.aJli·ngs w_e;re recctlrded: 
directly on punched computer .cards . This method o:f ·recording data· 
facilitates rapid analysis and simpltfies ~to::r.age problems . 
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·q..l Rectangular Specimens 
4.1.1 Introduction and Designation 
. ,;. 
. ' 
. --
- -: i 
.... ... 
. .. .. . 
• 
As originally planned, the two specimens of each stress 
distribution would be fabricated on separate dates~ However, after 
a·discussion with the producers, it was decided that both sets of 
the same series could be fabricated_ simultarieou·sly using separate 
l '• I·. 
,·· 
batches of concrete. By so doing·,·· the number of' fabrication dates 
was reduced substautially which represented .conside·rable savings 
in cost and time. 
~ . 
Since the fabrication was done at ·two differEtnt .companie·s:; 
and there were a number of specimens . fabricated at each plant, a_. 
. 
system was developed for the designation of each individual speci~ 
men. · Each specimen is designated ·by a two-letter code-. The first 
letter represents the prestress distribution, as shown in Table 1. 
The second letter of the code de_~ignates ·the plant at 
which the specimens were fabrica,ted. The ·specimens produced at the 
plant whose concrete exhibited the largest lo_ss characteristics were 
designated A and B; th.ose produced at the plant representing the 
.lowest.loss potential were designated C and D . 
. 
ll--.1.2 Fabric_ation of A and B Specimens 
The fabrication of rectangular specimens at the_ plant 
whose concrete has t~e-highest loss potential began on March 25, 
1968 and was completed on April 25, 1968. An outdoor prestressing 
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· · ... t:bed· .approximately 150 feet. in :length was used with the forms-·.set 
'•. 
'. 
• 
-
. .. 
-up near t·he dead. end. . .. 
• 
I " • 
· The first step was~~to_ fe·ed the strands through the bulk-
. 
. ~·heads and through the specimens'· end plates in ·their predetermined 
. 
--pos~tions. After this had been completed, all the strands were 
.tfa_ns~i._op.ed ___ t9 __ a_ iow preliT11j.nary s·tress _ (a~proximately 1000 psi) to 
reduce the sag and also to insure that there were no strands tangled . 
,A load cell was placed on one strand near the. cgs between 
~,-· · -·-the····bulkhead and the- strand chuck·. ·1his load cell served two 
~ 
__ _- f~.IJ.c.ti_on.s_. __ ._'Xhis strand woµld ·b.e the first to be stretched. The 
. --- -· .. -1oaa- cell was used ··to -con.t-r.9·1. 'the jacking force, and t.he h,ydralili'c 
jacking system was adjusted accordingly so that the remain~·ng strands 
-·-would -be jacked· unifo:rml.y tP the desired level. S.trand: elongation · · 
measurements were a·lso ·used as a second check on the tensioning 
force. The load cell was left o'ri: the. strand to moni t.o.r the strand 
stress during the fabrication. p_eri··od.. Readings were ·t..aken after 
., . 
the tensioning c;>f all st.rand·s:, and .again iJ11mediately prior to re-
lease so· that the actual force .in the· strands could. -be determined. 
In ·order to achieve the needed eccentricity for the 
· non~uniform stress distributions, the bottom p~l:L.ett-e~ were. -elevated 
-· the required amount (Fig. 8) .· Once the pallettes· were jn position, 
the. non-pres tressing :st.eel was tied in place. The side forms were 
then fastened in place. Since the brass inserts for the gauge 
. 
· -poi:n·ts .. h·aa been··previ·ously attached to the .forms~ extreme· care was 
' . 
' 
' .... , . 
. __ taken _in posi fioning them so that the inserts would not. be damaged. 
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,·· .... · --·~he··-shorter ·shrinkage. specimens were· also· fa);)ricate'd ·with 
• 
'th~· -same · strand pattern arid. the ·same amount of mild steel per linear 
.. 
~foot as the main specimens. However, there was. no tension· applied 
to the strands • 
. The maximum batching capacity at ~his plant was two cubic 
yards. As the 1.0, 1.5, and -2 .• 0 series each co_ntained six main speci-
mens, requiring a total of 6 cubic· yards, it became nec;essary to use 
two batches of concrete to cast each half series, plus the· companion . 
. 
-shrinkage specimens and control cylinders •. Concrete for these speci-
mens was placed in two layers of approximately equal thickness, each 
,- -- --f-rom -one batch,-and ·vibrated according- to -the··same procedure as used 
ordinarily for bridge members. The 3.0 and 3.6 series each consists 
. of. 2 main specimens; therefore, it was 3cessary to use only one 
batch of concrete for each ·specimen.~ One O. 0 series specimen was 
also cast along with the 3.o, and 3.6 serie~ specimens. 
.. - ., 
In all cases fifteen standard cyl·inders were cast fI'om 
.f .. 
each batch of concrete for strength and modulus determination., Infor-
- - ---:--~~--·--------------- -~· - -- - ·- _______ ... ____ ···-·- ---- ---...._..·:·· 
. 
. . . 
mation on .proportion and· other I'eJevant· properties of the concrete 
•· .. 
--- --mixes c1r.re in Table · 3. . .. 
-The specimen~ ~lntl ·the cylinders wer.e curied using a pro-
ced·ure identical to th.at regµlar~y used for highway bridge members 
\ ' . 
at this plant. Al.l the rectangular n:iembers were cured by a radiant 
.heat system. The prestressing bed was equipped with two heating 
.. ., - ·----pipes, --one on· e-ach--side -of -t-he ·-forms. -After -the --exposed concrete 
. 
surfaces were trowel finished and sealed to·prevent moisture from 
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• 
escaping, tarp~ ~ere draped over the beams _.and the he·a.t was ·applied • 
• 
The standard concrete cylinders were moist-cured in a_ . · 
• 
steam box at approximately the same temperatu~e as the beams and ·for 
· the same period. 
. 
The length of curing· period at the plant was approximately 
· ·71 hours. This long curing period was necessitated by the high in-
itial strength requirement. Th~oughout the peri.od, temperature of 
the specimens and the cylinders was recorded. The curing tempera-
ture was approximately 140°F, w:ith an ... initial ascending period of 
8 hours, a constant temperature fclr ,SO. hours, and a cooling off 
period of 13 hours. 
- ·concrete strength was ·aetermined from cylind~rs before th:e 
curing was terminated. For this purpose, the cylinders were testec:1 
from each batch of concre·te. The average c·oncrete strength at re-
lease for specimens f:rom. the plant was 56-50 .psi. The individual 
cylinder ~"J:.:r.engths are shown in Table 4 • 
Once the curing cycle was completed, the f onns were· re-· 
,moved and the stainless steel ga_ge points were threaded into the 
, ·· inserts in the beruns. A set of readings w,as: ·taken before the trans-
·. 
.•.: 
fer of pr~stress. · 
' I 
. The method of release at· ·this ·plct"ht· .was that :of: :c1i::ttJ~g· 
individual strands simul taneousiy: at. botJ1 ~r1d.s of· e.ach -beam-. These-
cuts were made by use of acete~yne torches:. 'Immediately after the:· 
strands were released, another set of data readings was taken. 
·-"'"' 
Three cyli.nders from each batch of concrete were immed·ia·te·ly 
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···transported to .. Fritz Engin~ering Laboratory for· streng.th· and. mod~- ··. 
' 
lus test. ··This was necess.ary because of . lack of strain-measuring . 
-capacity at, the producing plant. On an average, these modulus de-
terminations were made approximately 3 hours after transfer of pre-
· stress. .. . 
.. 
. -- - .. ~ . .8 ·,:· 
Shortly after release, the: re.ctangular specimens were 
load.ed on trucks and transported to the laboratory where they were 
placed in their upright positions~ .. 
An approximate time s.c-hed·ule: for the different processes 
of fabricating appears in Table ·3. 
-i..-1:-3 ---Fabr-ication of ·c and- D -Specimens 
\ . 
The fabrication of r,ectangular specimens at Plant: ·c." ... jJ,· 
--the-·plants ·whose concrete exhibited .the least loss characteristics, 
began May 20, 1968 and was completed on July 31, 1968. At this 
--- -··plant -the pres tressing and concreting fa~ili ties were indoors, artd 
the prestressing bed used was , approx:imately 300 feet in length. 
The procedures $or .fabric.·a-:tion of the specimens. -wer·e :similar.. 
. .. . ':' :.. . .::-... . - ·- - - . . 
,·. 
: 
to those used at the other plant. In the following para:g:r~:phs_, 
-only ·the_ differences ·will be d_escribed .• 
--!fhe ·strands were gang-stretched to .the .des;ired stress 
·~ . 
level.· Control of ·the initial. stretching stress was by elongation 
primarily, and pump pressure .sec-ond-arily. A load c_el:l a.t the dead 
· end was .used to record the actual force in these strands from the 
•. 
--·--ti111e--they--were~ tensioned ··until they were released. 
. 
Plant C-D 's batch.ing equipment was large enough' to e,nab-le 
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. t·he casting of a complete series with 2 ·batches. The. pr.ocedu:r.e of 
. \ 
placing.the concrete used was the same as used previously, i.e., 
half the series from one batch, placed in· tw-o layers and yibrated, 
and the remaining series from the second batch. Mix proportions 
were recorded and ·standard cylinders were cast from -each batch • 
. Control cylinders and.specimens _were treated together by 
steam-curing, for a period ·of approximately 33 hours. Two parallel 
I 
steam pipes were pos~t~qned on either side of the specimens. These 
pipes had small holes drille.d- in -them through which the steam flows 
in a vertical direction. The curing temperature was approximately 
135°F, with an initial ascending period of 6 hours, a period of 
constant temperature of 21 hours, and. ·a cooling off period of 6 
hours. The actual fluctuations of temperature throughout the curing· 
period were recorded. 
Just prior to rel.eas~:,_ ·cylinders were tested to determine 
the concrete strength. This: informatio.n is shown in Table 4. As 
_in stretching,· the release of bulkhead anchorage was done by gang 
jacking, so that all strands were released simultaneously. Infor-
• 
ma-tion pertaining to concrete mix, curing, and p_roperties of fresh 
.. 
and hardened concrete ·is assembled in Table 3 . 
. q.2 Full-Size Specimens 
. 
ll-·. 2 .1 fabrica t.ion of I-Beam Specimen 
Both full-sized beam specimens were fabricated -at the· 
• 
. 
plant corresponding_ to the hi·ghest po~ential pres tress loss. The 
fabrication of the I-beam specimen was started on June 3., 1968 and 
. .. l . 
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was completed on. June 6, 1968 .• T •• "Because ···of ecotiomic and scheduling 
. . .. . ' 
. 
. 
. . . . . . •, 
reasons , this 
. . 
. 
. ) 
specimen w~s not cast on one · of the regular pres tress- ·· 
ing beds at this plant-~ . Instead,. two 35 foot prestressed concrete 
I-beams, placed approximately 5 feet apart, were used to resist t·he 
prestressing force prior to transfer. Specially reinforced steel 
. ' 
end plates were pla·ced . across each end of these beams to serve as 
bulkheads.· The prestressing strands were then s·trung in their pre-
arranged pattern between ·these plates. 
·Each strand was initially tensioned, and then they were 
individually tensioned to th.e -desired level. Because of the elastic 
. . 
shortening of the frame beams·, tension in strands decreased as each 
subsequent strand was· b~·ing stretcne·d and· anchored.· It was necessary 
to re-tension ea.c_h: strand ·twi,ce,. ·to secure ·the desired stress. Two 
load cells were used to monitor the force in the st.rands. 
After the completion of jacking and anchoring, the ·non-
prestressing steel was placed and the forms for the concre::te· ·be·am 
. were assembled in position. 
rhree hatches of conc;rete were us.ad to fabric·a·te -the: 
. 
I-beam sp·ecimen. Each. batch was placed in uniform layers, and then 
vibrated. As before, · standard cylinders· were made from each batch 
and pertinent mix information was recorded. 
. . Along with the 31 foot O inch specimen, a shor-ter- 3 foot 
0 inch shrinkage specimen was fabricated. . As in the case of the · · 
rectangular specimens,~ thi~ · sh.rinkage s_pecimen contains untensioned 
·-
strands, in.the. same pattern as in the prestressed specimen, and was 
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cast from the same concrete.utilizing the same placing_procedures. 
Details of these specimens are _shown in Figo 3. 
---· The method of curing was the same as -that used for the 
rectangular specimens at this plant. The beams were subjected to 
. 
raqiant heat, and the cylinders were cured in a steam box.· The 
. 
... -----------temperature _of .. cur.i:ng -was--·~the --sru,ne as us~d ~.for __ the~·rectangular 
• specimens._ 
. , . 
.... _ 
. ~ ·. 
.-··.· •,' .l 
·.- ,..ll.2.2. Fabrication -of Box:Beam .- .. . 
.- ' -
. . -~r ,- ·~~----~ ' 
The fabrication of the box beam at Plant A~B was started· 
• 
· __ :.,.,. __ ,-,.-··on · June--11 ,--·1968,--and ···completed on·-June ·- 13 ,-·-·1968. ·- The-·-method of · · .. , 
·--.. -.-· . ··- --- --
.• 
fabrication was similar to that used for the I-lEam. / 
- . . . After. the strands were. tensioned, the lower non-prestr~·$sed 
reinforcement was tie.d in and the .side forms were put in place. A 
· uniform layer of concrete 5 inches high was then placed to form the · 
---- ·. _ bottom wall ·of·· the box. 
anchored to the strands • 
Standard pr~cut~,Yp·lywood voids were then 
. . . <\,. . The top reinforcement was ·laid in-place. 
. -
~ ... 
. 
Then the casting of the concrete_ was comp~eted • 
. · One end of this -specimen was to have. a through void and 
the other a closed void. Correspondingly, two shrinkage specimens 
were fabricated, both having the same strand pattern. One of these 
. . 
· ·has the .ends closed and th~ other has both ends opef:t. Details of ' · 
•. 
these specimens are shown "·on Figs. 4 and 5 •. 
. To complete .the fabrication of~.these specimens it was 
necessary to use lJ batches of· concrete_. ·.· Again-, perti·n·ent· inf or-
. . . 
I 
. . 
. . . 
· .. '. . -- --111ation····was·-·re·c·orde.d -and:·standard ·cylinders ·were cast-·from· each batch. ' 
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were cured under the identic~l conditions 
at this plant. The ·method of releas-e was 
:i 
.• 
. . 
--29-· 
..... 
··••· 
~· 
.. ' 
.. 
. 
_;-
--~'.: 
•. 
,.,· ... 
· ... ·. 
. .. 
I 
• 
.  
:·. 
-.: 
·.!· 
_,. 
:_., 
-.... 
.. 
.,,.· 
~· 
.•. 
.. 
,.:.; 
.•. 
: •: ' .l 
·. 
I 
... 
• 
,.: .. _."'·: .. :' 
. '
.. . 
. 
. .... ' 
.. :· .... • 
. ~ . . . . ' 
. ,· 
. : .. ·~ . ' . ' 
. . 
·_, .. :S •. : DATA REDUCTION_·· I ",· 
..:.~, 
'.. ' 
.. 
. ·- ~- ~· .' 
.. 
.. 
· 5 .1 · Concrete Strength and- Modulus Determination· ' ... ~Ir .,. 
• 
-
~ 
Standard concrete cylinders from each series were tes·t-
• 
ed for compression strength. and modulus -of elasticity character-
----istics at approximately 3 hours, 7 days,. 28 days, a_nd 90 days 
after release •. These tests were conducted in. compliance with the 
. . . 
appropriate ASTM testing specifications. A 12" compressometer was 
used to measure the. concrete_ strain at predetermined loads. 
The secant. modulus was calculated between two voints on 
the stress-strain di·ag_ram:. (1) the point corresponding to zero 
str.ess and (2) the poi_nt corres:ponding to the average nominal pre-
stress in the series. .-The. resu.l ts of th_es·e· tests· are lis.ted in 
Table 4. 
5.2 Uniformly Stressed Specimen Data Reduction .;.,· 
For the reduction of the strain data, extens'iv.-e use was 
---made ·of .computers., .The programs which were used are listed in 
,•· 
. Appendix 2. · •• 
·. The first step in the reduction of the ·aata for the uni-
f onn · series was to calculate the change in the readings. The in-
itial· readings which were recorded before. th.e transfer of the pre-
-
stressing force were ·used as the refe.re:nce: ·bases. All subsequent 
readings were subtracted from these original readings. The differ-
. . 
ences between these readings represent the c_hange of gage length, 
. ana:. will be referred to as del values. 
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. ·NeJ.Ct 1 the de 1 values f ram e·ach specimen · were carefully· 
• 
examined; those obviously in err·or were discarded,. and the rest · 
averaged.. For _each uniforn:ily· stressed specimen, at· most, four of 
the twenty del values needed to be discarded. In·most cases, no 
-
. ' 
discarding was. necessary. Therefore, each average del_ value was 
calculated from 16 to 20 individual rea~ings. From- these average 
del values, it was found that the maximum difference between t_he 
. 
duplicate specimens of a series was less than 100~. Because of this 
small difference, it was decided to average the del values from the 
duplicated specimens. This yields an average del value representing 
. ,, 
35 to 40 individual readings. 
• 
5.3 ~on-Uniformly Stressed Specimen Data Reduction 
Basically, the same approach was used for the non-uniform 
series strain values as was used for the µnif orm series. The 
bef o·re-release recordings were used as the reference, and subse-
quent readings were subtracted from these. The del values of .strain 
from the same stress ievel were then averaged. 
• • 
An assumptio ..n of linear strain distribution acro.ss th·e 
• 
. ·cross-section.was then made~ A_ least square curve fi.:t -of the strain 
versus distance from the high stress face was used to· enforce this 
a~sumption. The maximum deviation of the experimental data from 
the best· fit straight line was 3%. I.n the· subsequent analysis, 
strain values from the straight lirie wePe used. 
5.4 Shrinkage·Specimen Data Reduction 
. 
The methods used for the reduction of the shrinkage data 
• . . 
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• 
~ere identical. to the methods used for the unifor~ specimens.· Each 
average shrinkage del value was calculated· from 1·to 16 measured 
I . 
values, representing all shrinkage specimens of one series. -. 
• 
. 5. 5 · .. Curvefi tting 
· Regression subroutines were used to find the ·best-fitting , 
· ·..functions for the data obtained from the rec·tangular concrete speci·-
, ' 
mens. These subroutines were take~. from the.Bio.:.Medical Statistical 
·package supplied by Control Data Corporation and.modified to fit the 
specific requirements. In -genera·1, these ·subroutin·es make use of 
· matrix algebra to ·-solve the normal equations. · There are, 15 types 
of functions ~hich may be used at one time· and the data may consist 
of 200 observations of the independent variable. It was necessary,~ 
to write short main programs to transform the original average· del 
. 
values into a form acceptable to these subroutines. These programs. 
. . 
,;,,;/ 
can be found in Appendix 2. 
A number of different types of functions were tried in 
·the original curvefi tting so that it would be possible to choose 
the t_ypes of functions which showed the most consistency and accu-
racy for different series. The regression subroutines calculate 
• 
. 
. 
the coefficients of the functions, the residua.ls, the sum of the 
, residuals, the standard error of estimate and the correlation co-
.. 
efficient. With this information, ~he different types of functions 
could be readily c.ompared and. evaluated for their desirab_ili ty. 
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. . DATA ANALYSIS AND. RESULTS ·,· . . . . . ,c'· . 
... . "· . - '. - .. 
·.·6 .1 .. Total Strains, l)niformly Stressed Specimens· 
' . 
Once the average del values . were ·.calculated, the next 
. . . 
step was to find a time function which best described the vari-
ation of the volumetric changes. I ni t.ially,. the total strain .. 
values were plotted against time in various scales for visual com-
parisons. Typical data. for a series was plotted on an ari thmeti.c 
... scale and then transformed to a log sc~le in order to show the 
' 
differences in the shape of. the curve. ·.This is shown in Fig. 9. 
- --Regression methods, previously described., were used to determine 
the various parameters and coeffici·ents·. f·or th·e selected functi.ons. 
The several functions were compared on the basis .. of the correlation 
coefficient and· the standard error of estimate. The functions 
were tried iric.lud.ed : · 
. 2 .. 
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•• 
t 
N+t 
t 
e, = eco A+logt 
• .. 
:1.og, e. = A· +· :A·1 .. : .. lqg .. t:. 0 
2 
..log :e. ==. :A:0 ·-+. ~l logt + :A 2 (logt) 
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:6·. ·e = A
0
. +· A1 logt 
. ·, . 
·'. ... :Where e is concrete strain, e
00 
is a constant equal to the concrete 
strain at time infinity as determined by regres'si on analysis ' t' is 
time in hours, and A
0
~ A1 , A2 and N are,constai:its also determined 
by regression analysis. 
--AJew __ combinations :of these functions were also tried. 
By comparing the standard error of estimate and considering the 
. 
----eonsiste-ncy -for--eac-h -stress level, it was found that the best fit 
was obtained by a second degree polynomial semi-logarithmic scale, 
_____ equation 7. The results of these curvefi ts are shown· in Figs. 10 
· - and 11. 
. .. 
· - -~_The next step was to relate the regression constants to 
-
some design parameters. This necessitated the separation of total 
strain into its individual components, shrinkage, creep, and elastic 
. .· 
. 
. .... •····-··-~ - .. _ ... -~--·-·· -- - -··-· - . . - -
shortening. On account of the good agreement obtained by the 
• 
- ~---~ ____ ._,semi-,logari thmic __ relationship with total strain, only this type of 
GI •. 
. . 
· __ function was us~d for the individual components· . 
·•. .. 
•. .·:, .. 
. 6. 2 Shrinkage Strains 
. 
The aver~ge shrinkage del values were plott~d on semi-log 
graph paper. These plots showed· that the data followed an essential-
--- -ly--linear relationship with a slight upward tend·enc-y at a late age. 
__ fro'1'\ __ these. plots a curvefi t was attempted utilizing the following 
.• 
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. . ·e:.h .· =·.;:~Al logt + A
2 
(logt) 2 
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where e is the·concrete shrinkage strain, tis-time in hours and 
-~1 and ~ 2 are constants. This expression. yield.ed good· agreement 
with the del values_ during the early age, but as t became large, 
•.•~-•·~I~--·-... --... ~ ' 
,r 
· it tended to predict a faster rate of growth than the test data. 
- '. 
.By statistically testing the second term, it was discovered that· 
•.. 
-·- -- _ ...:this term, A2. (logt) 
2
,. · had little significance . in most cases • · . For . · . 
this reason, the second term was dropped and ·the data was re-ana~-
~ -----ly-zed -with---the following function: 
- ~ 
Using this funct-ion, the predicted shrinkage tends to be less than 
. 
. 
~ 
.·.: .· 
the measured values at late ·ages. In some cases, this function does 
~ .... 
not show quite as good agreement at later ages· with the data -_.as does 
. . ;.. 
-~ . 
. . . 
. . 
'•' " 
I t '· 
·' . 
-,. ... 
.. --~ __ the _previous one. It was noticed, however, that the specimens were . 
• 
subjected to a comparatively high humidity during the period for 
l 
. -
· April· through October (humidity during this. period was approximately 
. . ' 
55%) and during the later perio_d, the envirc1nment was ~onsiderably 
drier (relative humidity approximately 25%). This variation of hu-
.. ( 
midity should haye.an inverse relationship on the rate.of shrinkage. 
. . . 
. In Fig. 12· this effect is displayed. The actual shrin~age values 
~seem to be lower than ·the straight line during the period of high 
. . 
-.---·-~-relati.ve··humidity and' higher when· the re_lativ.e humidity .is .low. To 
·-·.· ' . . 
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• 
. a d~gree,. the regression _line· averages· the effect of· the· variation 
-~of humidity; since each data point is equally ·weighed. Hence, the 
. . 
: · , ;·., linear function is- based on average humidity conditions . · As of thi.s 
__ ;._:.-... 
. L 
writing, the specimens have not yet experienced ·a complete humidit_y · 
. 
. 
.·:cycle; however, it is anticipated that once the humidity begins· to 
increase, the rate of shrinkage will.decrease, and hence the· curve-
fit will show less deviation from the.data. 
The results of the regression analys.is are shown in 
· .... --F4gs. -13. -through 22 and the . coeff.icients, A1, are summarized in 
Tabl:~ 5. 
--- --I-t- was- -found that the coefficients· :of shrinkage, A1 , are 
partially dependent on the- percentage of steel. It is reasonable 
----to .expect the pres tressing strands to restrain specimens from shrink~-
age. · From Fig·.. .23· it· is seen that the coefficient A1 may be r.epr.e--
sented as 
·where b ranges between 10.6.0· to t~.4-.. ,/Q ,and :P ·f,s the percentage of 
., 
,:~.----'"steel" In -~tbe member. 
· _--···Both 1. 0 series show consid·er~bly lower coefficients 
.. 
. 
. 
· than would be anticipated. In the case. of the 1. 0 series .of Plan·t 
. . 
. ® 
AB, it. is felt· that the behavior of the shrinkage specimens does no·t 
. . 
,-•''";,-: . 
truly represen~ the shrinkage.behavior of the stressed specimens. 
-·-----This- .phenomen.on wiil be ai_fil!US.sed-i-n---mor·e detail in the next~c-tion. 
.. ... ·- ... ~For~ the 1.0 .series from Plant CD, -the cause of this deviation may be 
.• 
.. 
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··contributed to comparatively small anloun-t·'"df.mix··water whic)l was·. 
. . . -
. .. 
used. 
-. An attempt was ·m·ade· .to correlate the coefficients to the 
-. -,. · ··total amount of .mixing water, but was not successful. It appears 
... 
.-
. ~ .. 
. . •.'" 
that the effect of water content ·is sec·ondary and in this study was 
overshadowed by the steel percent~ge variation. 
As the specimens age, it will b.e possible to refine these· 
shrinkage coef~icients and find a more accurate relationship to other 
parameters. 
6.3 Elastic Shortening, Uniformly Stressed Specimens 
. The el·astic strains were determined directly from the. 
before-and-after release readings. For the prediction of the elastic 
strain, it was decid.ed not to use :the fundamental stress-strain. re-· 
lationship .e: =- .a-IE. This de.cisioq was made basically because the · 
modulus of elastic·i ty of concrete is ·affected by a large number of 
parameters, and cannot be easily- ·estimated.. r·t- was also felt that 
the modulus experimentally· determined from .. ij s··tand.ard cyli·nder test 
may not b.e · applicable to: the lal1ge-sized specimens on account of 
the variation in.- si_ze anq 1.oading condition. Instead of the modulus 
of elas.tici ty, th~: i:nitial. concrete strength which can be determined 
easily was used in the estimation of elastic strain. 
fc. 
eel = Ao f'c. 
1 
Thus, 
' .~-... .-··:..· .. 
is the elastic shortening strain, fc is the concrete stress 
• 
• 
. . 
. ·'• 
. . . 
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·- .·:.Calculated on the transformed section_, and f'c. is the actual re-1 
. 
' 
lease· strength as determined by· tests condu~ted · on~ concrete cylin-
. 
. ders. It is noted that fc was calculated on the .basis of transformed 
~ection, and therefore was dependent on the mo~ul~s . of e.lastici ty of 
concrete. However, the effect is relatively small,- and the accurate 
~ ~·-· .. -
. , determination will not be necessary. For the concretes used in this 
study, an average value of 7 was· use-d· for the modulus ratio .. 
,. The values of A0 are -listed in Table
 . 5 and · are plotted 
.versus· fc/f'.c. in Fig. 24. It is seen that for pra~tical purpo.se.s,. ]. 
A m·ay be considered a constant for each concrete mix. 
0 
--- ·---6-. 4 - -Creep--~S train~. -Unif orrrily --s· tressed -- Specimens 
~-·: 
"-·--•• -·n-~~-...,,,,.,,,.,._
 .. ,,._~,,.-·-
The creep strain for each series was calculated by···sub-
- -tracting the shrinkage strain ana· the ·elastic shortening from the 
total strai.n. A semi-logarithmic plotting of the creep strain 
showed a distinct upward curvat.ure; and a. :regression analysis was 
made on tl1e pasis of a second: :o.rde:r paraboli·c relationship: 
·····2: 
e = A (logt} 
er ,.: 
where e is the creep strain, A is a ,cons·tant·:,. a.n.d t is time. ·f.n, 
er 
hours beginning befo.re rel~ase. This function s:ho.we·d \ 1ery go:od. 
agreement with the actual data. 
The creep constant, A, ·thus determined was found to. be 
very closely related to the :fnitla:l ·Concrete stress (based on the· . 
. transformed· .~ectional area)~. 
. • 
··- • . 
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As ~nenient to· the. analysis, the. regression ·constant . 
. ., 
"A" was repla·ced by A2f c/f' ':, hence 
· _ fc · 2 
e =.A2 f' · (logt) er c 
. . . 
. 
• 
• 
. . 
~ ' .. 
- . 
. . 
. -
.... 
.. " 
·• 
where e and · t have the same meanings as before, A2 is· a constant., er 
. . . 
fc is the initial concrete stress calculated on the transofrmed 
section, and f' c i~ the 28-day concrete stre .. ng .. th. - The values of 
A2 are listed for the different series in Table -5_:._ 
- ' ' 
.. 
A plot of A2 vs. fc/f' c is shown in Fig. 25. As expected, 
for each concrete mix, A2 remained practically a constant independe~t-
of the level of stress. Also as expected, Plant CD consistently 
showed a lower value of the- creep constant than did Plant AB. It 
' 
was again noticed that the two 1 .. 0 series yielde.d somewha-t irregular 
results. In the case of the 1. 0 series· from Plan,.t AB:, the creep 
constant A2 is considerably higher than tha_t from the other series. 
It is remembered that the rate of spririka·ge- fo:r t=hi::s series was 
c:onsid_~rably lower than expected. Because the, cr.e:ep.· strain w·as 
• 
computed· from the measured values of the · to-f:.~l- stt•a.i_ti_ mi11u-a the. 
\ 
· elastic shortening and the shrinkage strain-, an under-estimati.cin 
.. 
in shr.inkage strains. would result in- an over-estimation of· t:he ·creep 
strains. It is·suspected·that·for some unknown reason, the .s·eries 
shrinkage specimens did riot exhibit the same shrinkage char·acter-_ 
· isti.cs as· the stressed specimens. By assuming a higher value for 
the r~te. of. shrinkag·e for these specimens, the creep constant would 
be reduced and become consistent with the other series. In the case 
, 
• 
-39-
.• 
j• • 
-~ I . 
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• 
· ... · of the 1.0 series from Plant. CD, the shrinkage rate was highe·r 
. ~. . 
" . 
~:: 1 • 
than anticipated. By assuming a lower value for shrinkage, the 
.creep constan~ would become greater and fall into the expected . 
range. 
Several other parameters may ·be related to the creep 
. . 
The :establishment of any. additional relationship 
. . 
. . . " ' , . 
..,- ~-_ ....... - • •· .... ,---:,-+-~- ·,~---~-·-- .. _ ... ,._ .. 
· . cons tan~· _A 2 • 
. 
·-' 
~~'._). . . 
.. · 
.;• 
· ·' · · .. would require data ·covering longer periods, and probably. more speci-
' · . · ·mens reflecting other values of those parameters. 
~ ~ .---~-- --6·;-S ... .;_Total Strain by Summation of Components 
. !.. ....... '-
. .. _____ -----~~-~Y .... (!_ombining the three components, the total. concrete . 
e = ~~ -f ~~- + A1 logt + A2 ~~ c (logt) 2 1 r . 
..where e is_ the total strain, fc is the initial cvncrete stress 
calculated on the transformed section, tis time in hours beginning 
~- . 
l hour before release, and f'c. and f'c are the release strength 1 
-,~ -.· --a-n(f28.:..day. streilgth -Of the conc:ete respectively, and A
0
, A1 and A2 
.. -~-- ____ a..~e ~9ns_t~nts as listed. • 
.. ' 
.. __ The results of the reg:ression analysis are plotted- against 
·.· actual strain values fa~ each ·s~ries in Figs. 13 through 22. As 
I • ·rr 
can be seen from the figures, the predicted values show a good cQrre-
lation with··the actual values ·at-early ages, but at later ·ages in 
. . 
- --- -- · .some.--cases. there is .. a deviation from the regre~sio·n curve. _ This is 
··-·i. 
,. caused by the. variation in t_he .rate of shrinkage because of the-
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. . .. . . · ...relative humidity .:as -prev-iously described. 
This total strain function can be modified to, accommodate 
-the time in days by using it in the following manne·r: 
: , ·r- ~· · ..•. 
.. 
\ .· . 
... 
or 
. 
. .. 
· . . . e = A ~c + A (log 21.J' + · A2 (leg 24): 
2 +. _.A_1_ log t .. ' · ··· -- --- - · · -·--- -o-f C. - ---·l J ]. 
where t' is time · in days and the remaini·ng, t.e,rms have the -same 
meaning as before. 
6.6 Gradient Effect 
·' .. ~~ 
The effect of str·e:ss- gradi~~t was first studied by com-
paring strain measurements f.rorn the· several specimen~ of the same 
----sefr1e·s·. '-The ··1~11, l..5 and -2;·0-s:eri.es each contained 2 uniformly ·· 
• 
• 
. 
• 
-
-· ,._ , .. ___ _ 
_stresse~_ and 4 ~on-uniformly str~ssed specimens. At mid-height. of 
.... . . 
.· .. · 
·-. 
. ; 
the non-uniformly stressed specimens, the i.ni.tial concrete stress 
is the same as that in the uniformly st,~_essed specim~ns. Strains 
at these locations were compar_ed .wit}) the results obtained from the 
regression analysis· described earlier •. Very little consistent devi-
-· _a_tj.on was noticed. Most of the data from the non-uniformly stressed 
specimens fell within 3°;6 of the average strain values for the ·unif arm 
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~pecimens. It appears justifiable. to conclud~ . that there .is no 
. . 
··-statistical· evidence of any effect of the stress gradient on the 
• 
' . 
·. total concrete strain in this comparison. ' .. ,·, .. 
r .• '·,-. 
·.·Next, comparisons were made between strains from speci-
~·-·.;,. ., . 
. . 
... "mens in .different series, with the. s_ame initial stress levei. Com-
parisons of thi~s type were mad~ at four· ·initial stress levels: 
. 1.0 ksi (1.0-0.0,; 1 .. 5-0.S, 2~0-1.0); 1.5 ksi (1.5-0.0, 1.0-0.5,. 
2.0-1.0); 2.0 ksi (2.0~0.0, 1.5-0.5, l.!-0-1.0) and 3.0 ksi (3.0-0.0, 
1.5-1.5, 2.0-1 .. 0). In Figs. 26·, 27, ·2s and 29, information from the 
_non-uniformly stressed specimens was-plotted against the .regression 
--··-----curve-obtained for the uniformly stressed specimens •. I-t is seen that 
a· definite deviation is present in most cases with the lower-pre-
. stressed specimens showing higher total strains. _Since ·th~ 
. low-stressed specimens contain fewer strands, and . were l.ess re.-
strained against shrinkage deformation, the noted deviation here 
is reasonable. Actually, the amount of deviation is comparable t:o: 
.. 
the difference in shrinkage strains for the ·several· series. 
.From the two types of comparisons, it is concluded that· 
• 
_ _.:the stress , gradient has an insignificant effec·t.: on,, the concrete 
strain. 
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. ' ·~· . . ,· . CON·CLUSIONS. 
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·rn· this study, the primary va.riables were ·stress level 
.. ' 
. 
0 and gradient. Other factors of influence were ei t·her held constant 
·(size, shape) gi'Ven very limited. variations ( concrete mix, curing) , 
__ o_~_y~cqp.troJ.led_b._u:t m~asured (environment) . In ·order .. to establish 
' 
. . 
any relationship between concrete volumetric strain to these latter 
.. parameters, additional .research must be conducted. From the studiep 
.. --- .... :repo~ted in ·this work, the following conclusions may be made: 
1. Wit~ respect to each of the several.components of 
-·--·-. ···-. -concrete ___ stra·in; -Plant AB consi~tent:.ly showed higher loss potential 
-~-· 
.. 
.. . 
.. ·. 
.. ... 
. 
than Plant CD. 
-- -2 ... -Elastic strains may be estimated by the functio•n 
. , 
. 
. 
e 1 = A fc/f/c. where A ranges between 1117 .8 and 1566.2. e o 1 o · 
.. ~:. Creep strains may be estimat·ea by the function 
e -= A·2. er 
' 2 
fc/f' c (logt) .where A2 ranges between 80. 0 and 150. o: 
-· ---11. · -Shri-nkage -strains are b.est repres·ented by t.he :func·tion· 
.. 
• 
. e == A1 .. logt. 
5. . The shrinkage coeffi.cient_, A1, i·S sign1ficantly · 
· effected by the percentage of steel; effect of the· amount of total· 
n:iix water is secondary. A-1 is represented by the functi~n 
·A1 = b ~ 37.5 p, where b-ranges.between 106 and 134. 
. ___ ..5_ . .The_ stress gradient has no significant effect on the 
total strain characteristics. 
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,·7 .• ·"Re·lative·~humidity has···an inverse relationship. on 
·the rate of shrinkage. 
-.8. Modulus results from . cylinder tests . are not truly 
. 
-indicative of the modulus ·of elastic of the rectangular · specimen~ •. 
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-' L~boratory Report on Aggregates· and Cements . ' 
•. .i 
' ... 
• . .. 
' '·, .. ,· ... 
·~ 
·- '· 
,1 
Plant AB ,,, 
'' f '.. • ..... 
... -
' ' ' ~ . 
. -..-
. ** 
· Coarse Aggregate ·. 
'• 
· Average ~pecif ic gravity . 
·,% Absorption 
2.71 
· .44 
**Deficient per Pennsylvania standards for #.2. ~·-tone on 
the amount passi-ng 3/8" and 3/4" sieve 
Fine Aggregate 
Fineness modulus 2.89 
Average specific gravity 2.61 
. % Absorption ---,,., 1. 23 
.......__.--
Proportions · % 
Average Strength 
7 days 28 days 
Kind of Sand Sand/Cement Water • • . psi psi 
Ottawa· ' 
3:1· by vol· .. 
Plant AB's sand 
~-t...'. 
• 
Cement 
Normal consistency 
% Water neat 
% Water mortar 
Initial set 
Compressive strengt·h 
1 day 
3 days 
.. 
11.J~S 
11.J .• O 
.... 
28.0 
I.J9.0 
75 mins • 
2792 psi 
4554· psi 
29.7-5 
·3171 
.. • .. 
.. 
. . . 
*Cond~cted by Pennsylvania Department of Highways 
Materials Testing Laboratory 
~48-
, . 
4590 
5184 
,: :•, 
" 
Strength Ratio 
7 days .28 days 
% %· 
100.0 100.0 
113.3 112.9 
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Laboratory Report. on Aggregates .and Cements 
·Plant CD 
.. 
Coarse Aggregate 
Average specific gravity 
% Ab~orption 
' 
Firie Aggregate 
Fineness modulus 
.... 
Average specific gravity 
. %··c Absorption 
Kind of Sand 
Proportions --
Sand/Cement 
Ottawa 
-'( 3:1 by vol. 
Plarit CD'·S sand 
Cement 
Normal consistency 
% water neat 
.% 
. 0 water mortar 
Initial set-
Compressive s.trength. 
·1 day 
3 days 
28 days 
.. 
2.93 
.28 
2.98 
2.61 
.30 
% 
Water 
14.5 
14.0 
•• 
28.0. 
49.Q 
• 
: .. - ,.'" 
-.. -. 
-~ 
.,. •I • 
... ·• 
Average Strength 
7 days 28 .days 
• • • psi psi 
3300 4290 
4642 6029 
·;,, 
., 
.105 mins. 
2779 • psi 
5400 • ps.1 
6642 
. . , 
· ~C~µducted by Pennsylvania De.pa~bnent of Highways 
· Materials· Testing Laboratory· 
... 
,. . 1,, 
' . 
. I 
. : ·I . 
. . . 
/·'·,;·' ', t .. ' 
· .. , .. ' , 
... 
. · .. ' 
- ..• . ·; ' . ; •: .... '. l, 
'-·· 
. '"· 
. _ ........... . 
• • Strength Ratio 
-7 days 28 days 
% % 
100.0 100.0 
1140., ... 7 ·1qo.:s 
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· ne·scripti_o.n of· Aggregates Used ·by Plant AB 
l 
'. ' 
.. 
' ' 
.General Statements 
This material, classified as a· limestone by·the producer, 
' ' 
is actually an arenaceous dolomite or domitic limestone. Calcitic 
ma1terial is present but usually constitutes less _than 200;6 of the 
_ rock. This r·ock, in general, is harder than limestoµe (Y. t~ s. on 
Mohs scale) and does not effervesce much in dilute.HCI. On·the 
basis of the petrographic study, this rock appears to be quite: 
compact and durable. 
. ' •·. 
·, .. -., . ' 
.. . 
· In studying the samples provided, the individual particles 
.. 
"Were first divided according to microscopic appearance into six-
groups. Thin sections were theri ··prepared from _se_lected particles 
from each group and these were studied -extensively under the polar-
, 
izing microscope .. The combined hand specimen and thin section de-
. 
. 
.· scriptions along with the percentage by weight of each ·rock type 
• 
. in the total sample are reported ·on ·the following pages. 
The terms be'low are defined for pu.rposes of clarity t.o 
' the reader: 
."'. ; .1.: 
Arenac·eous - conta·ining a si · · -· i'fic'ant ·am. o_u __ n_- t·. o __ ·-_f q_ •-.uart_z-_s.a-nd -. g_n .... - -
-
material 
Micrite - calcareous mud ·showing no gra.in·s and appea~-
• • • 1ng ~s. a continuous mass 
' "v 
Blomicrite - calcareous mud containing distinct fossil 
.. 
. . 
. . . 
-SO- . ' .. 
. ' 
.. 
. ' . 
. 
. . 
-· 
; .•·· . 
' .. 
, .. :; .,,,,1:,,\i,,;\::.,ih··1~,<ri1,11,it.:;/_i;,.d/\,;,V,'J;.;~;,:;;:i~fJi:,:hjJ; , -
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> 
,I 
'.'. 
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~·· .. 
.. 
• 
I\ 
• 
t. • 
• 
. '. •., .... 
. . 
• 
..···materic;tl (either complete remains. or 
fragments) 
. . ... " . ,' ~-~
~--' ', 
~parite - . calcit:j.c or dolomitic material precipi-
.. 
·• 1· 
.. 
tated in the voids of a rock such as when 
micri te is washed out of a recently-f orn1ed
 
limestone 
,Biosparite- - a rock composed of· fossil pa
rticles cemented 
in ·a spari te matrix (no micri te is present) 
.Petrographic Descr.iptions 
Rock Type #1 - Arenaceous Micri te to Arenaceo
us Sparse Biom·icri te -
2 .-31% of total sample 
:\_ 
·-
·A fine-grained, medium gray dolomi..te cont
aining 200/o 
plagioclase feldspar and qo.artz with minor 
amounts of 
tourmaline. The grains qf no11-caicareous
 material are· 
· generally of equal size, .. about O. ·1 mm. t
o O. 02 mm. in 
diameter (equant grains).. This rock has a hardnes
s of 
. 
3-4 on Mohs scale and eff er'ves:c·es· ·l.i:tt.le: 
~n weak hydro.;. ·. 
chloric acid. 
,, 
In hand specimen this ·rock type. can be see
n to cdrftat:.n. 
small amounts of dark green or black crys
talline: )Jlc1te:ri.a:l .•. ,. 
. 
. 
Rock Typ~ #2 .. Arenaceous Sorted to Rounded
 Bipsparite -
I 
·· 6. 600/o of total sample 
Medium gray dolomitic ·limestone with numero
us calcite 
veins which range in width from 3 mm. to O
.Ol .. mm. This . 
rock.also contains about 10%-5% quartz and.f
eldspar in 
. . ' 
• 
.. . 
. ,, .. 
. •-· 
·' 
.. 
. . 
".I 
; 
I i. 111 
( Ii 
f 
r 
I 
t 
'· 
. . 
I••,• 
• 
d ·, ' 
·,,, • '1', ,; -
·_,.~'.- - '. ' 
' ' 
equai:it grains · of about b. 02 mm. diameter • .. .. ' . 
. ". 
\' .. , 
' -
.. 
' ' - - ~ ... ". I 
. ~ -. ' ~ . 
'A.nother slide from this same group contained about 400'6 
·. quartz and feldspar and couid almost have been called 
' 
. 
a ca~careous sandstone.. This particular rock type is 
characterized by the pre.sence of calcite veins·. 
Its hardness is between 4 and 5 on Mohs scale and there 
is only a fair amount of effervescence in dilute HCI . 
Rock Type #3 - Arenaceous Micri te with some ·Sparite prese.nt - · 
5.13% of total sample 
Medium gray dolomitic limestone occurring in thin flat 
particles which possess no laminations. This rock type 
· contains lj.CJ0;6 or more quartz and mica. The quartz occurs 
in equant · grains varying fr~O µ, to 20 µ. in diameter, 
and the mic~· qc.curs as tiny shards, about 18 µ, in lengi;h'.• 
This sample: c:on.tains .large voids (large compared to the 
grains) filled with calcite. The .rock effervesces li:tt:le 
. in HCI and has a hardness of betw_e.en fl and 5 on Mohs· scale • 
• 
Rock Type #4 - Arenaceous Poorly Washed Biosparite--. 
72. 03% of· total sample 
' .· 
.• 
; ~; 
' ... 
'· . 
·-·: 
Medium gray, compact dolomitic limestone with a hardness. 
. . 
of·4 to 5 on Mohs scale and possessing a fair reaction 
to dilute HCI. This r_ock type contains---lenses of quartz 
material cemented with calcite and dolomi. te. Small quartz 
grains also appear through ·the calcareous mud mcJtrix; 
these grains are generally about 10 µ. in diameter but 
-52-
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• 
· · : range from 5 · µ, to 30 µ. and· constitute about 400fe to 300;6 
. 
of the rock. 
-. "'· . 
~ ·. . 
e; . . 
·.'Rock Type #5 - Shaley Dolomite - .10. I.J.5% .of· total sample 
Roe~. type #5 is a medium to dark-gray rock with tpin 
lamina~~s (about ~10 µ. thick) ; the layer boundaries 
-
are straight. There is little effervescence when the· 
rock is placed in dilute HCI. 
-· -~~--~-- --==----- -
. . ' 
- • 
0
·<1 I 
. . , . 
.. ' 
. , 
.• 
This rock is shaley in appearance, both in hand specimen 
and thin section,·but also contains a fair amount of 
quartz. (about 200/b) . The quartz grains average 20 µ, in· 
diameter while the dolomite and calcite · (very little. 
present) grains range from 5 µ, to 25 µ, .and generally 
appear in typical rhombohedral form. · These grains ar·e. 
all densely dispersed throughout a clay matrix. 
Occasional fossil debris, mostly shell fragments, are 
observed in ·th·is ;rock type • 
• 
-·- -Rock Type #6 - Shaley Dolomite - 3. 48°;6 of total s~ple 
.•. · 
• 
_;,: 
.. : . ;: .. 
' • , < I ·_,··. ;,_···•,-. ......... ., •.•• ' 
. . Meditun gray rock ·with somewhat weathered-looki·ng layering;· 
laminations are thin (about io µ,) ~nd layer boundaries are 
generally straight. The rock has a hardness of 3-3.5 and 
·. 
there is little reaction lJ1 dilute hydrochloric acid. It 
is essentially a·shaley dolomite with some calcite grains 
. 
present, similar to Rock Type #5; but no "fossil· material 
. 
is present. 
_:5·_ ··3-·-, 
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• 
T)lis rock contains about 60% dolomite, 300.k -clay, 
·, 
and 100;6 quartz. 
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General Statements • 
. 
Petrographic hand spec.imen and thin section analysis of 
.-~this rock shows''t:hat ·-it varies f·rom ·a uri.iform-t~xtured microcrystal;~, ... -
' 
:. -· 
-· --li.ne limestone (micritic limestone) to a micritic sparite. Little 
' . ( 
---or---no .fossil -material was observed in any of the sample particles. 
All_ but a small percentage of the -sample submitted to this lab con-
tained ·600/o or more Caco3 • A·. few pieces were high in do
lomite but . 
very little quartz material was observed in any· particle. The hard-
ness of the samples ranged from 3 to 5 on Mohs scale of hardness; 
but, generally, the· pieces were fairly soft (3-4), about the hard~ 
ness which limestone usually possesses •. 
As in the investigation of th.e ·samples collect_ed ·-from: 
Plant AB, the particles of this sample. were divided into groups 
_ _(_12.. in ___ this- .case) .by means .. of~-Bimple tests an_d obse·.rvations: th.roug.h . 
the binocular microscope. • H.oweve·r, ·only seven of ·these groups are 
.re~liy significant and possessed sufficient mat_eria.l from which. to ._ 
' 
make thin sections. Hence, these seven categories .will be describ~d 
first. in de:tail; · afterwards the other ·categories will be briefly 
described. The following petrographic descriptions were obtained 
from both thin s.ection and microscopic analysis of the rocks; the 
. percentage values accompanying each description are the percent by 
• 
-·we3.gb_t_ of ·each rock -type in the total sample . 
.:: .. 
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. The tenns ·below· are defined for purposes of clarity. to. 
the reader: 
··•·· 
Micri te - · calcareous mud showing no grains· and appear-
ing as a continuous mass · - .. 
Dismicri te - micri te co.ntaini-ng a small amount of 
fossil material 
Spari te - coarsely crystalline calci tic or do.lomi tic 
material precipitated in the voids of a rock 
such as when micrite is washed out of a 
· recently f ornted limestone 
' . 
Petrographic Descriptions 
. 
·Rock Type #1 - Dismicrite - -6. 79% of total sample 
. 
A light medium gray, very fine-grained, soft (3 on Mohs 
scale) limeatone which shows ·much effervescence in dilute 
HCI. In thin· section, _the r·ock possess'es a fairly homo-
geneous textu~e, composed o.f an interlocking mosaic of 
calcite crystals ranging from 5 µ, to ·10 µ, in diameter . 
Calcium carbonate _composes abou·t 900;6 of this rock, the 
rest is quartz and clay. Occasional fossil material that 
. 
., . 
has been replaced by eoarsely crystalline calcite (sparite) 
is observed. 
' \, 
Rock Type #2 - Micri te wi.th Spari te lenses - 11.15% of total s.ample 
Medium d~rk gray, fine-grained, SC?ft (3-3 .-5 on ·Mohs scale) 
limestone composed ·of about. 900;6 calcite; there is much 
'I : • 
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effervescence. in dilute HCI. . This ·rock. contains lens:es 
.. 
. of coarser calcite in the microcry~talline. matri·x; these 
lenses appear as sugary-1:l.ke crusts on the hand specimen .. 
under a low-power binocular microscope. ·· 
. . 
The matrix· is similar to the· texture o.f #1, being composed· 
• 
of a mosaic of calcite crystals-,· 5 ·µ to 10 µ, in. diameter-.· 
The lenses are composed of calcite ·crysta·ls which range 
. . . 
in size from 35 µ, to 1.1,5 µ, long, scattered randomly through-· 
out the matrix. A v-ery small amount of sparite --- re-
placed fossil material is present in this rock type. 
Rock Type #3 - Coarse-grained mic:ritic sparite - 32 .. 11%· of tota:1. ~ 
I.': 
sample 
This rock is a medium gray, fairly homogene:ous.,,. 
medium-fine-grained, medium hard (4 on Mohs s·cale) .litn~.-:-
stone, which ef_f ervesces a fair amount in dilute HCI • 
Under the binocular microscope the r.ock :appears s·omewh:~1: 
grainy. The. ro.ck is composed of c·alci re (wi·th some .d.c::llo-
n1i te and aragoni te) grains which range in diameter from. . 
• 
,, 
26 µ to 11,4 µ, in diameter; these gr:ains. sometimes inter~-
~: 
lock but ·generally are held together by a micri te matr..:tx 
composed of submicros.copic calcite grains and cla_y. 
About 6CJC>~ of this rock is Caco3 • .· 
Rock Type #4 - Micri te with calcite veiq - . 12 .12°.,6 pf to~al sample 
· · Medium to .light gray, · medium ·i·~~d (4 on M·oh·s sc·ale) ~ 
• 
limestone sh9wing much effervescence in diulte HCI. Tbef· 
''· 
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. . 
·· :matri\X · is composed of generally close-fitting crystals 
of· calcite (9 µ to 18 µ in diameter) with .submicroscopic 
. 
. ·clay and carbonate material in the· voids be·tween the. 
grains • Calcite veins ranging fro·m 1500 µ, to 10 µ,. in 
width occur throughou:t the matrix. This rock type is 
. . 
' 
. R·ock Type #5 - lJismicri te with scattered calcite rhombs -
. 5. 26% o.f total s·ample 
: . ~ •·', 
·• -:,. 
• 
-nark ___ gray, very fine-grained, smooth-surf aced, medium 
~oft (3-ti on Mohs scale) limes.tone· which shows · a str.ong 
.. __ -·._.reaction to dilute HCI. The ground mass or matrix of 
this rock is composed of interlocking grains of calcite 
(2 µ to 6 µ in diameter) with some mica grains (same 
diameter as- ca·lci te) and clay material al.so present. 
- Interspersed throughout this matrix are rhombohedral 
calcite grains which range from 18 µ, to 35 µ i~ length. 
Carbonate minerals constitute aDC>ut 85%. of. this rock with 
. 
--·· ·--.. --~~-100;6' ·mlca-a.nd the·rest --clay and quartz • 
• 
-. 
Thi~. ~oc~ __ type also oc.,curs as veins and lense·s in some 
of the other limestone types. 
Rock Type #6 - Fine-grained Spari te ( or coarse-grained micri te) -· 
S.62°fe of total sample 
. . 
... This rock is a dark gray, medium soft (3-4 on Mohs scale)·: 
. . 
. . 
. ___ _J_ime.sto~e which _is _s_omewhat similar to #5 in hand speci-
... 
men. However, it is not as smooth-s1:1rfaced, and ~ t. appears 
.• 
... 
•· . 
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-coarser-grained· than #5 •. This. rock contains· about 900;6 
-~. · ·. carbonate material which is found as densely-packed cal-= 
.. cite .rhombohedrons (17 µ, to I.JO µ in length) in a ground-mass. 
of much finer-grained calcite and clay· (1 µ, or less. in di-
" ameter). The calcite ~rystals .constitute about 6CJC>;6 of the 
rock and present a unif.orm texture throughout the sample •. · 
Rock Type #7 - Micritic D.olomite - 8.01% of total sample 
Light gray, hard (5 on Mohs·scale), dense, very fine-grained 
dolomitic limestone which effervesces little in dilute HCI. 
This rock is composed. of a homogeneous microcrystalline 
mosaic· of dolomite and ·.c·~lci te grains (about 4 µ, in diame-
- . ' 
ter) with some clay an.d :silica present in equally small 
particles. Dolomit.e ·constitutes about ·7fJJ/o of this rock . 
This completes th~ detailed descriptions pf 900j of the material in 
the original sample. Following this. are brief· hand-specimen de·-
scriptions of the other limes.to_ne rock types present. These ro.cl<,, 
types are not identified by namE;, as the previous seven, becau·s-~ 
the fonner were not studied in thin s_ection. 
/ 
-Rock Type #8 - 1. 09°fo of t_o.ta.1- t.tamp.le 
. ; · ..• 
., 
. . 
.._, 
Med.ium gray-~ fine-grained (a :Litt.le.' finer• tn.~n ;#3), 
soft (3-3. 5 on Mohs sqale) limestone w.hich .shows much 
effervescence in dilute HCI . Contains over 7fJJ/o carbon- ... 
ate material . 
it· .•. 
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. ··.~: . 
1. 
- ·# . 
' . 
• 
.,.,,, ~ ' . .. 
• 
. '. . ... - ... 
_ .. _ 
·· ~-Rock -:J;ype #9 - 2.0·7% ·of total sample. · ' . ' 
. • 
Medium hard (I.I- on Mohs scale), medium gray,· fine-grained · 
limestone which.shows only a fair reaction to dilute HCI • ' . 
. 
. 
. 
·This rock probably contains a large percentage of dolomite 
along with calcite (about .30 to 400fo dolomite). 
Rock Type #10 - 1.24% of total sample 
" 
Light gray, ve~y fine-gra1.ned, -sof.t (3 on Mohs scale)_, 
li thographic .. quali ty _ limestorie s·howi.ng much effervescence 
in dilute HCI. Micro-faulting is .observed ip_ thi_s:, -rock·.-; 
off-sets are readily evide.rit in hand specimens-. 
Rock Type #11 - 1.17%. of total sample 
~ Medium gray, soft (3-3.5 on Mohs scale)·, ·medium-grain~d, · _ 
rough-textured limestone possessing ·thi.ck laminations 
(about 50 µ, in width) and a strong re·~otion to dilute ~Cl .• 
• This rock is rough· to· the feel and prob.ably cont;ains around· 
lOO!<i quartz which is, loosely cemented by· ·th·e· c.arbonate 
material. 
•• 
-Rock· ·Type #12 - Miscellaneous - 3 .:91% of total sample 
..• 
··~··· 
~·· 
This is n9t actually a- rock typ.e but simply a category 
int·o which ~ere placed· particles which wer.e obviously 
erratic; that is, par~icles which were no.t· from the same 
geologic formation as the great majority .of rocks present 
in this sample .. This category inclµdes a·variety of shaley· 
limestones and dolomites ·as well as a few arenaceous·. lime-
·stones·. . . . .. 
. 
. . . 
.. 
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. ,.;: 
Main program for data 
reduction for rectangular 
concrete specimens 
.. 
• 
' . 
. . . _. 
"":• 
.1. ••. 
. . 1; ,'. ... <;, ~ .-
-~ 
"~· ' 
·'· 
.. 
"'. 
' ,it 
' ' ' 
. ' 
.. ~ ... 
. . ,, ... 
... 
. : 
, •· . 
,. ' 
-
6 Large 
Read in number ~f day when\,, 
series was cast, type and 
name designation of series 
(MZERO, MTYPE ,. NAME) 
.. 
0 Determine 
Type of series 
(MTYPE-2) Large speci-
' ,:...: ' ·'-.: 
• • • • mens 1n series mens 1n series 
Define 
references 
(N ,·M ,ND ,NC) 
\ 
., 
+ 
•• 
Sets up references for subseq.-uerit · 
subroutines 
·,. 
FLOW· CHART FOR DATA 
·REDUCTION PROGRAM 
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'\ I ,. ,' • 
Define 
references 
(N.,M,ND,NC) 
I , 
... , ' J • 
.. J 
.. 
. . . 
' ' . ·.·,' 
'.", :/": 
.. ,.,,,_-' 
· . 
·,. 
,,, 
:,. 
. ~ 
.< 
... , . .., 
·,;;: 
• 
.. 
. . . 
· Call Read 1 
Call UNIF 
( -
c·all NONUNI 
Call I.SQUARE 
Call SHRINKS 
DO 100 
K=l,MXY 
'/ 
·,. 
•• •. ''!· 
.'' .I,''.·.' - I·._ ·,• ' .. :·,,•.:' - '', .·' ·. •, ,,._ • .' .· ., , , . 
' .. ,.' .. _,;. ~ '~·,···-------.---~ .. ..-._.. . ._.,____,. .. .____,..~-·-·n---•-·•--···· --·-·-~- ~-- ,. 
. ' . i•' .. ·'. 
. . . 
. . 
• 
·-
~ . 
' ., . . 
,...· 
.. ' 
.  ·"'. ' 
. . ........... 
. ·,' 
.• ,· ' 
' . 
. ,1; ' 
. ___ ,. 
'· . 
. . _, 
... 
-,. 
• 
. " ""' .-. 
·Reads in before release and all 
subsequent data. Calculates age 
of series at time of readings, and 
changes in strains 
Call Read 1 
Calculates the average strain change 
for uniformly stressed specimens 
and rejects erroneous data 
Calculates the average ·change in strain 
at gaged fibers for the non-uniformly 
stressed specimens and rejects erroneous 
data 
·-- .. -~ . ~·. 
Forces linear strain -assumption across 
cross-section of non-_uniformly stressed 
• specimens 
Calculates average shrinkage strains 
Call lJNIF 
and rejects erroneous data on particu- Call SMS~R 
lar shrinkage spepimens 
.. 
. -~· 
S~ts up DO loop to output calculated 
i'nformation. MXY = the number of 
sets of·strain·information recorded 
;,• 
.. 
. .... 
··\ 
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• 
... ,~ . ..-
DO 101 
K=l,MXY 
. . 
• 
,. 
i 
. 1 
1 
l 
1 
I 
I 
I j 
., 
~: I i 
., -
. . . '·· . 
..• 
• 
) 
• 
Write age 
and speci-
en desig- · 
nation 
Call OUTUNF 
Call OUTNUF 
Call OUTSHR 
100 Continu 
. . 
. 
Call UNIREG 
. • 
·-- -:"". 
, 
.,~ . 
..... 
•. 
. . . 
. ., , .. , ..... ~ .... ~ ........... , ......... -.. : .. ·. ::· ' . . ' ' . . -
-· 
' ' ' 
' .. 
.. ~-. - . 
. . 
. ' 
.. -• ' . 
.. ·. . ' 
. ,. 
Prints specimen designation 
and age at time of strain 
calculations 
• 
Prints average strainghanges 
for uniformly streEised speci-
mens 
Prints average strain cha.nges 
at bottom, top, and gaged fibers 
for the non-uniformly stressed 
• specimens 
Prin,ts average. shrinkage strain 
changes for shrinkage specimens 
This outputs s~rain and age 
data on car~:ls for ,uniformly 
stressed spe.ci.mens 
... 
,-
.. .~· . 
•·· .... 
: ,,,,( . 
'· 
1 •. 
. . . 
e age . 
speci-
men desig- ~,,-
nation 
ca1.1· OUTUNF 
Call OUTSSH 
• 
'· 
101 Continue---~ 
. Call UNIREG 
~ .. ·· ,, :1 
' J. 
J __ _,.J ___ _ 
.. 
. •; ';"' 
·' ,·.~-
.. 
. • . 
. \ 
. ·."; 
•. 
'. ..  
.. j ;i,._.' 
,. 
"' 
'• . 
Call SHRREG 
=-~·: 
t. 
!.'. 
I' 
'-· 
r--~ ;·--: 1. 
--·-·-· --·-·- ~-· 
•' 
.. 
·-
• 
•· 
·•.·· 
This outputs 
and age data 
I 
• !-
.  
shrinkage 
on cards 
Call EXIT 
• 
End 
,. .. 
.. 
:_·. 
:- .. 
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..... PROGRA·; .. ;" DATA (OUTPUTtTAPE6=0UTPUT,It~PUTt·TAPl:5=1Nf'.'U·T, .· .... · 
• • . .. • . ~-! • I ..... 
. . . 
. . .. 
~ .·. ··c 
'. C • •· I \ 0 _,,~ • 
. '~ 
C 
.. 
·-*PUN·CH) .... -.. . .. 
. ~ . 
•: 
PROGRAM FOR THE Ar~ALYSIS OF DATA ·oaTAINED~ FROM.-
REtTANGULAR CONCRETE SPECIMENS 
. . . . . ...... 
. . 
. ;· . . ····:~··. . 
' . •. 
. ·~ '.... . . . .• ~ 
..... .. , 
. .... : .... _.._,....., -~ ... - --~ ... ._..: .. ....... _t~ ....... .-.-
. ,t. ' 
. . . 
. . c· . . . . . . 
. '· 
DIMENSION NAME(8),AGE(20),D~L(20,136)tAVER{20,8)t· · 
* AV IR ( 2 C , 8 ., 1· > , DEV R ( 2 0 , 8 ,- 7 ) t A-B Z ( 2 0., ~ t 7 ) t PH I ( 2 0 t 8 l , 
·*SP-<--20-~~l-3-al-,llIVR ( 20, a·> ) 
• 
.. .. .-_. 
.. . 
I f'l = 5 -.. . - · ·. . - -- · - ·· · . · · . · · -·- : · · · · · -- - • ~ , ... ..., .. 40 ....... -· :.-·· ••• . . ... . . 
_ .10·=6 1 CONT I NU E "' ?· • · - · • - · · · · · · - · • - - • - · - _· -· · • ~· •·· 
• 
READ<IN,400)MZERO,MTYPE,(NAME(N),~=l,8J,Nl,N2tN3,N4tN5, 
.... - . ···-· . -
. C 
- . . C 
. --. ---··C 
-- : . C 
C: 
· *SER · . - . · 
.MZERO IS THE NUMBER bF T~E DAY ON WHICH A SERIES 
\a!AS CAST . -. - . . ·- .. --
• MTYPE=l IF SERIES CONTAINS 6 LARGE SPECIMENS. OR =2 
IF _SERIES CO~TAINS 2 LARGE SPECIMENS 
NAME IS THE BEAM DESIGNATION· 
IF(~ZEROJ200,200,201 .. -..... :, ... 
.. 
. •,:. . 
. 
201 IF(MTYPE-2)202,203,204 · 
-· -. --~~-~-:-- -: ...... ~ ·~-~,.:... -;· ... ; •• -.... . ... _ _.,; "'"'. .. • :·=-
. . 2 0 2 N = 1 3 6 . . - .. - . . . -- . -. - .... 
C 
C 
M=l28 
ND=l36 
N_C=l29 
.. 
<;·-1· .. 
. -
- . -. . .. . . ~- - .. -;. -.. . .. ·-
. 
' . 
SUBROUTINE READ1 INPUTS DATA, -CORRECTS TO CONSTANT 
-~ -·-·RE-F£-RE~-1CE VALUE, AND CALCULATES THE CHA~JGE IN STRAIN 
CALL READl(MZERO,N,MtND,NCtAGE,DEL,SPtl) 
C-- -SUBROUTINE UNIF, REJECTS OBVIOUSLY INCORRECT DATA 
. . 
C Af·JD· AVERAGES T~fE D.~TA FOR THE. lJ~!IFORM S·PECI~'tE~!S 
CALL UNIF(I,N,DELtAVER,DIVR) 
. -.... c· -----?u·e·R"OUTI NE NONtJN I PERFORMS THE SAf-liE OPERATIONS As· u.NlF 
C - BUT ON THE NONUNIFORMLY•STRESSED SPECI~ENS 
CALL NOi'~UN I (I, DEL ,AV.IR; DEVR.) . . . -· -
.. 
C 
c. 
-- -- . SUBROUTINE LSClUARE CUi~VEFITS THE STRAIN DATA ACRos·s THE 
' - .• 
•. 
. .. .. ... .. ·~'.~ 
_, C_· ... 
:c 
t' 
CROSS SECTION FOR THE NONUNIFOR~ SPECIMENS 
. - -
- CALL· LSOUARE( I ,AVIR,ABZ,Pr~I). 
SUBROUTINE SriRJr,1K AVERAGES Ar~D REJECTS SHRINKAGE DATA 
C ~LL SH f< I N K < I , D EL , S P ~;;Av· ER , D I V R ) 
~-~ r,t X Y = I - l . . . . . . -
DO_ 100 K=ltMXY 
.ALL SUBROUTINES START ING .\·!ITH OUT-ARE USED TO PRINT 
I i\!F OR r. i AT I O ~~ CO ;\"1 PU T ED BY OT ~i E R SU 8 R OU T I ~ES 
. _ -~JR I T. E ( i _O , 4 0 l ) S E R , N 1 , M 2 , f\l 3 , i'l 1 ~ , f,15 , AG E · ( K + 1 J · 
. CAL L OUT UM -F ( I t K , N , AVE R , D I V R , NA ;--1 E ) · 
. CALL OUTNUF( I ,K,!~,AAZ,DEVR,N/\f.:iE,PHI ,AVfR). - . 
.. :.- .. 
.. 
.. 
f' 
. ,. ~ I • -
"'- . - . 
. . 
.• 
. . 
-···'"(-ALL ·our S~1R ( I , K, /\VER, DI VR, ~~Ai'-1E) 
CONTINUED· .. oN llEXT -.PAGE 
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. . 
• -. l 
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,· 
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. . . 
' . . 
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. . . . . . 
'. ·: . . . 
.. ·. . . . · 10 0 . CO 4~ T I NU E . . · . · · .. . . · · . ·. ~ . · · 
~- · c · --~SUB ROUT x NE ur-i I REG AND SHRREG .OUTPUT -oAt A~;,, FR0~1 UN I FOR!~1 . · 
. · .. ' - . 
. .· C.:. - AN-D. SHRINKAGE SPEC I !'-~ENS ON ·cARDS .- .. . 
I - ··•" • - ' •r, • ' • • • •.. ' .- .• • :·, -, : ' 
-cALL Ui'1IREGCI,AVER9AGEJ. . . 
. . ' 
· .• 
- . 
. '-· ··· ...... ' 
' ' .... 
. 
. 
-CA-LL SHRREG( I si,\!,AVER,AGEJ .· . . . _ . · · ~ ... ·· _;: . 
·GO TO .1 -- · .. -~~- --···-···--·-··· ... ····· .... -.. ~· ... ··.·-··.--····-·.··--·. ·: .. ,. .. ·:·····-:··· :.· ... ········~··:··· ... · ... ·.,. ··. 
· 4 0 0 FOR ~.,lA T < I 3 , 2 X , I .l , 3 X , 8 ( A 2 , 1 X ) , 5 X , 5·. A 2 ~ 2 X., F 3 , ·1 ) . . . · ... _ . 
. . . . . 
. ' .. 
- . . . 
• ,. .,,.. i,· , ·• r .... + ~ • .. 
. " . : 
·' . . ' 2 0 3 N = 5 6 . - . . : . · . .. . . . . . . ., .. ,· . -. -:· .... ,.. .... . : ~ : ' -
. .. .... ' ; ' ' 
' . 
·. 
• I.. .. ·.•·• - :~ . ., :,.:_'., .... , • .. -: -'> 
M=4·4 
NC=45 
.. 
. . 
. . 
~ . .. 
. . . 
. . 
. - .. .... . 
. . 
. . 
·-· ~ - . ' . . ... . .. . ...... ~ 
.. . . ... 
,I . 
• "':' ' ..,- .• Mr\ -4 8 . ~ .. ~ ,, . . . .. -.. 
___:___,.., __ . _ __ ,..,_\.U - - - • • ... • I ,' .. • • . •• \. ,' •• • ' :· .. • 
·- · Y · >··a .. · ··- ·· CA.LL .REft.01 ( t'iZERO, l'l, r~·,No ~-NC~ AGE, DEL ,SP; Ir ............. -~·· -~~-: -·- . · _-· .. -:·~.;·-· -·. · .. .. 
. . . , . 
-. 
· ·----~-----~~--· .. ··-·-- CALL-·U_NIF-<-I,N,OEL--,-AVER,D.I·VR) . _.. 6 •· • 
• CALL sr .. ~SHR(I,N,DEl,SP,AVER,DIVR) .. - -. ·- ·-·-· ..... ·. - ..... ·- - .. 
.-.. · . MXY=I-1 · ·· · . .. : · 
•• . ~ -...; • ~ • ; ·- • • . :.....:_ ......... -1,- -- -
' ; · ·:. . · · DO . 1 0 1 K = l , Yi X Y ... - - - -- ·· · ·· . · · · ·- - .. · 'i • • ..... • ~ 
···- - '-'.,- - . .----·-~/RITE< I094Ql JSER,i'tl ,N2 ,N3,N'~,N-5 ,AGE(K+l) . ; 
. 
. . 
...·. _ ....... , ..•• -, . ., t· ~-;. -- .• - .. ~- ... ··-·- ..... 
CALL OUT UN F C I , K , N , AVER , p I V R , NA i"l E l - . . -~ , . . · • •• ....... • :. - p • 
------CALL OUTSSH( I ,K,N,AVER-,DIVR,NAr·~E) 
.. ,.:·-· .. __ l.O l. __ car'! TI NUE -
. -·. 
~- --- .. 
-200 
- --- ·- . 204 
401 
·. 
CALL U~IREGCI,AVER,AGE) 
CALL SHRREG<I,N,AVER,AGEJ 
GO. TO l 
COf'.1 TI NUE 
CONT I NUE 
FOR~AT<lHlt///,lOX,F4alt* SERIES· 
**AGE*, F4 .o ,/ / J 
· CALl .. EXIT 
END 
.. ;. 
... .. . . ' . . ~ 
·,·. 
. .·. 
•. ,,;,! ·.;.·,· . .:.. 
. .. ~: 
,,~..;. __ ,.....,_ ... _ ... _ ... __ ... -..... -.-.···--··---·--·- ·-·· ...... 
~-
CAST AT * t 5 A 2 , 3 X ,. 
• ·-··· ._i,;- .a.. ....... . 
. ... 
,.-- ,', .. .. • . 
- ··-. .. ·- .. ..:...~ . - . 
. - . 
.. 
--- ........ --·.. . - . --. ~- ·~.-. . ·. .:..:.- . -~ ·--: ... .. . ..:. ... . . ... , .. . ~-· -~ -.. 
. ~ .. 
-.. 
.. . . -·==- ... •.: 
-; 
•. ,·. .. -
. ,.. :--:::-- ._... . 
~ ·. :.'.. 
. -· -. -~ - _,-: ... --· 
• 
.. 
. ~. . .-:· . .. ·-.:.~- - .... -~-· ... ··- -~- : ... :··.. . .:-. -·· .•.... ............... ··· .. '· . 
·....s -- -·-. •-.·~- ·• ~-···· -. . .- •. 
.... _ . 
·•. .. 
··~ . 
.. . . 
. - . -· . . -·.- ,. . ,, - ··:·. -.. -. .. . •.- . -
• 
-•.. 
. .· ' . . . 
. , ~~- . .. . ..• .-.. . -.. . 
;, ·:· 
..... 
.. 
..... - -...... _ .. 
" . - -
.. 
. .-. . ·' 
- ~ ........ --.-~ :':" . 
.. . .. 
- ... -.- . • -- .. - .. - - • - - . - .- • __ 1 __ •• "":'"": ~· ~ -· .. • •• • 
.... . . 
. ·~-... • . 
• . 
. - ,-:· .:_ . . .. -;:: . '• ·.":' . - -
,i.~-'.· 
.. ·. . . ..;. - .· ·-; . • .... • ~.. i 
• 
.. .. -. .: : . -... .;. ... , ~· ... ;•. _... . . ;-: - ·: -... , ... -~ .--1'-,. ~ ~ 
-· . . .. . . 
. .... . •· .~.~.---·~ ·-·~.:-.;. .• ....... - ·:. ·-: -· :, . ... ,~.~ :••.;•. .. . ·--~-- -~-- -- -~-~-- - ...... ·-.····~ ... . ~ •···· ~·-~ • .... ·}: 
•. 
: . 
::.·· , .. ··-. .,. -- -:·• .. ·.•. -- • ..;· :· .-:~-':"'- : -.•- •. -: • 
.. ..... _. .. •· .· ••.. ·--. --:-.-:-·"! .... .. •.. • . ~ ~"':"'· -~ i 
• 
. ·- •.• 
.. 
. . . ... , .- -· ·.·· -· ·""'"-: .... : . .·~· ·:-. ','. _ _. ' .: ..... -~·-·. . __ : ... ···-·-· •. .. ~ ·- .. ,; .... . ~ -
,•:·; .. -~·.:.· ~i ... -••• • ••• .: •• - .• • •• .. ~ - .. I 
•.. ;, (II 
·-
. . 
... 
. . . ·. 
• . 
.• '!• 
.. 
-.•. ••'.- .. ~·. -··•" .-·· •.· ... ... ~--· -~-
.. ··-":"'·::~-, ~-~,--..... ~---~- .• ___ ........... ~----·--.-.•-··.·· ... ·•·· ~-·.:· ......... _.;...~--- ... "":•.· ........ -~·------ ------~ .. ·-·--·-·-'.··-.:..·_: _____ .. ·;....-_-·•.·-- - --=-...•. __ .... , .... ! ............. ' 
. . 
• 
.. ,. ~ ... . . . .. 
~- •• • - - .. .. ' .• ·• ~ .... ~ • • ••. '"! · .. . .... .. .. .... .---· -· .. •. 11· -· ... -· ·: .. 
:~ . 
... . . . 
.. .-. . •. 
.. 
. . . . . 
... ; .... -~-' . ,• --~ -
. .• 
... 
. . 
. . . 
.. . . .. . ... ... ···-· . , ... ·- -
. 
_... . 
. . . 
-,. : . 
.. ...... _ .... • . ".··.•.~:' .. ~· ~. ~ ..... 
. . 
··... • - ·-. '!"' ·-··- - -~ ·• ..... 
. ~ . 
:-( 
,'1'• 
'-~· · . 
. :.~ ..... .,, .... ~ ... ~ ". ... : ... · -~ .. ".'"' .:-,.'.~,.·· .. .. .. ,.,_. . - -~· •, · ....... . ' . ,·· . .... . ·- .. .. . ... ,. ... ., . ·- _ ..... :::-6 6-. _. ·- .~ -· ·. ,· ; : .... _ ·~· ·- ; . · .. .... :. ·--· .;..--~--. /. ·- -· ·. ······:-·- -.• .. I '.•. ~ ' 
. .. . 
' . 
. . . 
. ,. 
.. · -
. . . 
. . 
~ 
.. 
.. 
I • 
. . ~ ·,' 
• •• '";"jl 
... . :• . 
'• . ·• 
... 
.. 
. ~ 
l . 
.I 
" . 
• 
. . . 
. ' 
.. 
.... .· ,.•' 
'··-
' I' 1 • 
•. ' •• ~' ....... ·,,. •4 ., 
. .. 
. . . 
. _. . . - ,. 
'-
.. C 
. ' . ' . . .. ' 
: 
. . 
• 
. )' 
" / .. . ' . ' 
. . 
. . 
•• • I " • 
• : .... t .,_ '· ·, • 
... _.• 
. . . . . . 
" ... 
.. . I ' ~ ' . ' " 
.· . ·- , __ .. . . .. .... "! • •. -, • ., .. • • • •.• . ...... -·-- -·· .~ ... i ..... • ..... 
' ... . .. . . 
.. ••• ... I"' ... • • ' ' ·~· ••~ • , ' •• • #ii, . .. .-,. . . . ~ . " ...... . . . . .. . ; ~- ~- .' . -. 
·SUOf~OUTINE. READ! (MZERO,N,~,r\lD.~~~;AGE,DEL,SPtl ,._ .· ..... · ·. · 
·SUBROUTINE WHICH READS IN··oATA, CORRECTS TO·CONSTANT ·· 
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. _ . C NTY=NUMBER OF VARIABLES __ . _ _ .. : -;-. __ ;: , _ _ .. _ ... · . 
. . . . C J\1B-COD ED VAR I A 8 LE · · · ·· · · . · . . ·. . .. _ . · . -· -· · 
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·. ·· .. . . . C . A Y-D E P E f\J DENT VA R I ABLE ARR A Y , D I ~,1 E f'1 S I <) N ( 2 0 0 > . · . 
. . ___ C ___ - . .:NV-.VARIABLE ~-Jt~ICt-f CONFIDENCE 8/\ND CALCULATED ON,· 
• • 
.. · ~ . . · -. C - . -----I f r'1 V = 0 T t-f EN NO BAND CA LC U LAT ED . . 
C ·ear-REGRESSION COEFFICENT ARRAY,DIMENSI0N(2,l5). 
. ~ 
-~. ---~· . C FIRST COLU~iN CONTAINS COEF. vJHEf',l l',LL. VARIABLES l~~CLUDEo;· 
. 
.. ----c. - --- -.. t·N -REGR Es·s ror-1 SECOND, · coLur"11\l cor~ TA I NS COE F • ~JJ-iE~I LAST VAR-
. . . - . 
· · -- --C · ··- -···---I-ABLE IS ·-tJEGL EC TED · 
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.. 
DIMENSION A(l5,15) 
~ t • .. •_;_·• • - .... 
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........ 
•. 
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DIMENSION RRBE(2) tBBTC2tl5) 
20 FORrvt1-\TC//17H COEFF ~1ATRIX XX) 
21· FOR~AT(//lOH C MATRIX> 
23 FORMAT(//17H COEFF MATRIX BB) 
25 FORMAT(1Hl,18HTABLE OF RESIDUALS) 
. . 
. •· ' . ... .. ·- -
2 6 FOR ~-1 AT ( F 1 0 o 3 , 4 X , F l O • 3 , 4 X , F 1 0 • 3 , L~ ;'( , F 1 o· ~ 3 ) · . --· . . . .. ·- . . .. . .. 
2 7 FOR>'!A T < 2 X, 8Ht-1EASURED t 4X t 1 OriCALCUI.A TED t 6X, 8HRES I DUAL, 
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*·1X, 9HRES •/EST•) 
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____ towards· the d~gr~e of Maste_r of Sc~enpe ~n Civil Engineering. His 
··research endeavor was iJJ. the project o~ prestress losses in pre~ 
·. _tensioned concrete structural members, .conducted fn the Structur.al 
Concrete Division. 
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